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Abstract 
One-dimensional (1D) semiconductor nanomaterial arrays grown on two-
dimensional (2D) layered nanomaterials can provide an excellent platform for 
realizing novel electronic and optoelectronic devices by synergistically combining 
the unique physical properties of 1D and 2D nanomaterials. 1D semiconductor 
nanomaterials work as efficient channels for carrier transport, thereby greatly 
improving the device performances of electronic and optoelectronic devices. 
Moreover, graphene layers, which have excellent electrical and thermal 
conductivities, and high mechanical strength and elasticity, are novel substrates that 
offer new functionalities such as transferability and flexibility. This dissertation 
presents the fabrication and characteristics of individually addressable nanorod 
device arrays based on 1D+2D hybrid dimensional nanomaterials. 
Ultrathin, flexible, and individually addressable ZnO nanorod device arrays on 
graphene layers were demonstrated. Using this system, we investigated the 
individual electrical characteristics of single ZnO nanorod within the arrays. 
Additionally, based on the optoelectronic and piezoelectronic characteristics of ZnO 
nanorods, we investigated photodetector and pressure sensor characteristics of the 
nanorod device arrays. Moreover, light-emitting diode (LED) arrays were fabricated 
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using GaN/ZnO coaxial nanorod heterostructure arrays and their device 
characteristics were investigated. Metal-cored nitride microtube structures are 
discussed as a method to significantly improve nanostructured LED performance by 
improving the current-spreading characteristics. 
In addition to 1D+2D hybrid dimensional nanomaterial-based devices, 
semiconductor microstructure arrays grown on graphene substrates were used to 
show their potential for microdisplay. GaN microdisk LED arrays grown on 
graphene dots were assembled in ultrathin and individually addressable crossbar 
array for flexible, high-resolution microdisplay. Furthermore, for full-color 
microdisplay, morphology-controlled GaN microdonut-shaped and micropyramidal 
LEDs were used to demonstrate variable-color light-emitters. The interesting 
electrical and electroluminescence characteristics of the GaN nanoarchitecture LEDs 
are presented. The origin of multicolor emission is also investigated by analysing the 
structure and chemical composition of the LEDs by TEM. 
The catalyst-free molecular beam epitaxy (MBE) growth of InxGa1−xAs/InAs 
coaxial nanorod heterostructures on graphene layers are also demonstrated. 
Transmission electron microscopy (TEM) was used to investigate the 
crystallinity of the arsenide nanorods grown on graphene layers. 
Additionally, RHEED was used to investigate the growth behavior of nanorods 
on graphene layers in real time. 
Finally, monolithic integration of wide and narrow band gap 
semiconductor nanorods vertically on each surface of graphene are 
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demonstrated by showing InAs nanorods/graphene layers/ZnO nanorods 
double heterostructures. Their structural characteristics are investigated by 
both the cross-sectional and plan view TEM. Moreover, their dual-
wavelength photodetector characteristics are demonstrated.
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plotted as a function of time. (d) RHEED patterns of InAs/InxGa1−xAs coaxial 
nanorod heterostructures on CVD graphene layers, after growing 20-nm-thick 
InxGa1−xAs coaxial shell layers. (e) Integrated RHEED intensity of (0004) InAs 
Bragg spot during the coaxial coating of InxGa1−xAs shell layers.       142 
Figure A.6. Microstructure of InAs/InxGa1−xAs coaxial nanorod heterostructures on 
CVD graphene layers. (a) Schematic diagram of the TEM sampling positions and 
the corresponding plan-view (b) BF-TEM, (c) HR-TEM, and (d) Fourier filtered 
images of InAs/InxGa1−xAs coaxial nanorod heterostructures. The inset diffraction 
patterns in figure (b) are obtained via FFT of the HR-TEM images in figure (c). 
The areas of oxide layer formed on the nanorod surface and Pt-protection layer are 
marked in figure (d). Cross-sectional (e) HR-TEM and (f) Fourier-filtered images 
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of the interface between InAs and CVD graphene layers. The inset diffraction 
patterns in figure (e) were obtained via FFT of the corresponding HR-TEM image. 
The locations of misfit dislocations estimated by Fourier filtered images are 
indicated by T.             146 
Figure A.7. Chemical composition of InAs/InxGa1−xAs coaxial nanorod 
heterostructures grown on CVD graphene layers. (a) Plan-view STEM image, (b) 
elemental mapping of Ga, In, and As using STEM-EDS, and (c) EDS line profiles 
of In and Ga along the dotted line in figure (a).         149 
Figure A.8. Vertical TEM images of InAs/InxGa1−xAs coaxial nanorod 
heterostructures grown on CVD graphene layers taken near the zone axis of 
(101̅0) WZ || (21̅1̅) ZB. (a) HR-TEM image and the corresponding streaky 
diffraction pattern in the inset clearly show mixed zinc blende/wurtzite (ZB/WZ) 
crystal phases and stacking faults in the nanorod heterostructures. Alternating WZ 
and ZB crystal phases are indexed in (b) a magnified HR-TEM image of a region 
marked with a rectangular box in figure (a).          150 
Figure B.1. The schematics of the fabrication processes of InAs nanorods/graphene 
layers/ZnO nanorods hybrid dimensional nanomaterials. (a) Transfer of PMMA 
coated CVD graphene layers on a hole patterned SiO2/Si3N4 membrane. (b) CVD 
graphene layers transferred on SiO2/Si3N4 membrane. (c) ZnO nanorods array 
growth on the backside by SA-MOVPE. (d) Catalyst-free MBE growth of InAs 
nanorods on the front side. (e) Cross-sectional schematic structures of the InAs 
nanorods/graphene layers/ZnO nanorods hybrid dimensional nanomaterials.  153 
Figure B.2. Morphology of the InAs nanorods/graphene layers/ZnO nanorods hybrid 
dimensional nanomaterials. Tilted FE-SEM images of (a) ZnO nanostructure array 
on the front side, (b) InAs nanorods on the backside, and (c) the cross-section. (d) 
Side view FE-SEM image of the InAs nanorods/graphene layers/ZnO/GaN 
microrods.              155 
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Figure B.3. Cross-sectional TEM analysis of the hybrid heterostructures. (a) Bright-field 
and (b) high-resolution TEM images of the hybrid heterostructures around ZnO 
nanorods/MLG/InAs nanorod interface. Diffraction pattern with a selective aperture 
size of 150 nm around the (c) ZnO nanorods, (d) ZnO/MLG/InAs interface, and (e) 
InAs nanorod. Plan view TEM structural analysis of the double heterostructures. (f) 
High-resolution plan view TEM image where an InAs nuclei overlapped ZnO nuclei. 
(g) The corresponding fast-Fourier transform of (f).         158 
Figure B.4. Chemical analysis of the double heterostructure. (a) Scanning TEM 
(STEM) image of ZnO/MLG/InAs double heterostructure and the corresponding 
STEM-EDS mapping images of (b) Zn, (c) O, (d) Si, (e) In, and (f) As. (g) STEM 
image of GaN/ZnO/MLG/InAs double heterostructure and the corresponding 
STEM-EDS mapping images of (h) N and (i) As. (j) STEM-EDS line profile of Zn, 
O, In, and As taken along the dotted line in (a).         161 
Figure B.5. Dual-wavelength photodetector device. (a) Schematics of the device 
structure (b) I−V characteristics. (c) Spectral photoresponse of InAs nanorod-
graphene layers measured at 77 K in FT-IR. (d) Typical spectral response measured 
from another ZnO nanorods-graphene layers/SiO2/Si (not from the double 






1.1. Hybrid dimensional nanomaterials and nanodevices 
One-dimensional (1D) semiconductor nanomaterials, such as nanorods, 
nanowires, and nanotubes, have attracted tremendous attention as building blocks 
for future integrated electronic and optoelectronic devices due to their unique 
physical properties and high potential to be integrated into ultrahigh density 
devices.4-6 Although many novel nanodevices based on 1D semiconductor 
nanomaterials have already been demonstrated,7, 8 the high-density assembly of 1D 
nanomaterial devices has been extremely challenging, both because of the 
difficulties in preparing regular arrays of 1D nanomaterials and the problems in 
making devices that can address each 1D nanomaterial individually in the array. This 
dissertation suggests that these obstacles can be overcome using 1D semiconductor 
nanostructure arrays grown on two-dimensional (2D) nanomaterials such as 
graphene. Position- and morphology-controlled 1D semiconductor nanomaterial 
arrays grown on graphene layers, which have recently become available,9 can 
provide an excellent platform for realizing high-density integrated semiconductor 
nanodevice arrays. Additionally, precisely aligned microelectrodes can be formed 
both on the top and bottom surfaces of the 1D+2D hybrid dimensional nanomaterials 
after lifting-off them from the substrate, so that individually addressable 1D 
nanomaterial device arrays can be realized. Furthermore, in these 1D+2D hybrid 
dimensional nanomaterials, 1D semiconductor nanomaterials work as efficient 
channels for carrier transport, thereby greatly improving the device performances of 
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electronic and optoelectronic devices.10, 11 Moreover, the graphene layers, which 
have excellent electrical and thermal conductivities, and high mechanical strength 
and elasticity, are novel substrates that offer new functionalities such as 
transferability and flexibility.12-14 This dissertation presents the fabrication and 
characteristics of individually addressable nanodevice arrays based on 1D+2D 
hybrid dimensional nanoarchitectures.  
1.2. Objective and approach 
The present research focused on the fabrication of ultrathin and high-density 
nanorod device arrays using high-quality semiconductor nanoarchitectures grown 
on graphene. For the material preparation on graphene, selective-area metal-organic 
chemical vapor deposition (SA-MOCVD) and catalyst-free molecular beam epitaxy 
(MBE) growth techniques were used, which have the advantages of large- area 
growth capability and a relatively simple and accurate doping and thickness control. 
Moreover, graphene offers a hexagonal basal plane of atomic lattices, which enables 
growth of highly-aligned, single-crystalline ZnO, GaN, or InAs nanostructures 
without using expensive, bulk single crystal substrates.15-17 These superior 
properties enables the preparation of position- and morphology-controlled 1D 
nanomaterial arrays on graphene substrates.9,18 Facile lift-off of 
semiconductor/graphene heterostructures also enabled the fabrication of high-
quality inorganic semiconductors in ultrathin and flexible forms that are suitable for 
wearable and implantable device applications. Methods for making individually 
addressable semiconductor nanoarchitectures on graphene films and newly 
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developed fabrication techniques for ultrathin, high-density nanodevices on 
graphene are presented. 
In addition to the integrated 1D nanorod devices on graphene substrates, 
microstructural GaN light-emitting diodes (LEDs) for microdisplay applications are 
presented in this thesis. An individually addressable form of GaN microdisk LEDs 
on graphene dots was fabricated for high-spatial-resolution microdisplay 
applications. Furthermore, for full-color LED display applications, multicolor light-
emitters based on multifaceted microstructural LEDs were investigated. For 
multifaceted LEDs, by precisely controlling the morphology of the GaN 
microstructures, the chemical composition of InxGa1−xN quantum wells on each 
microfacet could be varied, thereby tuning the emission color. 
1.3. Outline 
This dissertation consists of six parts. A general introduction is provided in 
Chapter 1. Chapter 2 reviews 1D semiconductor nanomaterial-based nanodevices 
for high-density device applications. This chapter also reviews recent research 
activities concerning optoelectronic devices made of inorganic semiconductors 
grown on graphene. Additionally, many different approaches to making ultrathin 
and flexible devices are discussed in this chapter. Chapter 3 describes the 
experimental set-ups and procedures, including growth, device fabrication and 
characterization methods. Chapter 4 presents the ultrathin and individually 
addressable nanorod device arrays on graphene substrates. In this chapter, 
integrated ZnO nanorod devices on graphene are discussed and the extreme 
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flexibility of the devices is demonstrated. Furthermore, the variation observed in 
device characteristics of individual nanorod devices are presented. This chapter 
also reviews their applications as photodetector and pressure-sensor arrays. 
Light-emitting diode applications of coaxial GaN/ZnO nanorod heterostructure-
based devices are presented at the end of this chapter. Metal-cored nitride 
microtube structures are discussed, which can significantly improve 
nanostructured LED performance by improving the current-spreading 
characteristics. GaN/ZnO nanorod arrays grown on large-area graphene are also 
presented for transferable and flexible device applications. Chapter 5 presents 
microstructural nitride semiconductor LEDs on graphene substrates for 
microdisplay applications. Ultrathin and individually addressable GaN microdisk 
LEDs on graphene dots are presented for microdisplay applications. Additionally, 
variable-color GaN microdonut-shaped and micropyramidal LED arrays were 
fabricated for full-color microdisplay. Chapter 6 summarizes the thesis and 
provides suggestions for future research. 
There are two appendices to this dissertation. Appendix A presents the 
catalyst-free MBE growth of InAs nanorods and their coaxial nanorod 
heterostructures on graphene layers. Appendix B demonstrates the monolithic 
integration of wide and narrow band gap semiconductor nanorods vertically 
on each surface of graphene. This demonstrates that graphene can be used 
to combine various types of semiconductor nanostructures even those 
having great differences in lattice constants.
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Background and literature survey 
   2 
In this chapter, research activities on 1D semiconductor nanomaterial assembly 
based nanodevices are reviewed. After making an overview of nanodevices using 
horizontally and vertically assembled nanorods, semiconductor nanorods growth on 
graphene and their device application are discussed. Furthermore, general review of 
ultrathin and flexible devices and their applications are presented. Moreover, current 
status and issues are also discussed for each device applications. 
2.1. Nanodevices made of 1D semiconductor nanomaterials 
assembly 
2.1.1. Horizontally assembled 1D nanomaterial-based devices 
In the early stage of 1D semiconductor nanomaterials research, nanorod devices 
were usually fabricated by dispersing the nanorods on insulating surface of the 
substrate and making metal contacts on the nanorods. This approach successfully 
demonstrated many novel nanorod based devices.19, 20 Furthermore, by forming axial 
and coaxial heterostructures on nanorods, even more sophisticated electronic and 
optoelectronic nanorod devices were demonstrated.7, 21 With the effective 
demonstration of single nanorod devices, many scientiests prospected the possibility 
of making high-density devices based on controlled assembly of nanorods. For this 
reason, aligned dispersion methods of nanorods were developed to assemble nanorods 




Figure 2.1. Horizontally assembled nanowires using (a) fluid-directed assembly 
technique22 and (b) nanocombining assembly technique in which nanowires are 
anchored to defined area.23 
For example, Liber et al. developed various nanowire assembly techniques such 
as fluid-directed and nanocombining assembly techniques, as shown in Figure 2.1.22 
Figure 2.1(a) shows nanowire crossbar arrays assembled by fluid-directed methods. 
Si/SiO2 core-shell nanowires were used for this device, where oxide shells with 
controlled thickness served as gate dielectric. Each crossbar junction worked as 
nanowire field effect transistors (FET) and nanoscale addressable decoder was 
successfully demonstrated. 
More recently, for the large scale assembly of highly aligned nanowires, 
nanoscale combining technique was developed.23 This method works by precisely 
controlling the alignment force by defining anchoring and combining region on the 
target substrate, thereby one end of the nanowire is anchored on the anchoring region 
and become aligned on the combining region. The nanocombining assembly 
technique yielded highly aligned arrays where 98.5% of the nanowires were aligned 
to within ±1°. 
Although these nanowire assembly methods successfully demonstrated that 
nanowire based nanoscale devices can actually work for integrated nanosystems, still 
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the reproducibility of the nanodevices cannot be ensured because the position and 
dimension of nanowires cannot be precisely controlled. 
2.1.2. Vertically aligned 1D nanomaterial-based devices 
One of the most efficient way to assemble high-density of aligned nanorods 
would be the vertically aligned growth method of nanorods on the substrate.24 As 
shown in the tilted and cross-sectional SEM images in Figure 2.2(a), the vertically 
aligned nanorods can be packed in very high density.25 Using these high density of n-
GaN/ZnO coaxial nanorods grown on p-GaN coated c-Al2O3 substrates, near 
ultraviolet (UV) LED was demonstrated. 
 
Figure 2.2. Vertically assembled nanowire crossbar array. (a) Randomly 
nucleated n-GaN/ZnO nanorods vertically grown on p-GaN substrates.25 (b) 
Position- and dimension-controlled GaN/InxGa1−xN/GaN/ZnO nanorod arrays 
and LED applications.26 
More recently, position- and dimension-controlled growth of vertical nanorod 
arrays were developed using the hole patterned growth mask.27 By employing the 
growth mask, semiconductor nanorods can be selectively nucleated and grown on the 
exposed hole patterned region. Since the diameter and density of the nanorods can be 
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controlled by the hole pattern diameter and spacing, the growth rate as well as the 
final length of the nanorods can be uniform. The regular arrays of nanorods can have 
many advantages over randomly grown nanorods. When growing axial or coaxial 
nanorod heterostructures, the chemical composition and doping concentration of the 
layers on each nanorod can be uniform, thereby the reliability and the performance of 
the nanorod devices can be further improved.26 More importantly, the position- and 
dimension-controlled nanorod arrays can be potentially used for high density 
integrated device applications. Figure 2.2(b) shows the position- and dimension-
controlled GaN/InxGa1−xN/GaN/ZnO coaxial nanorod hetrostructure LED arrays.26 In 
this work, vertical nanorods with highly controlled diameter, height, and spacing were 
fabricated and precisely controlled InxGa1−xN/GaN multiple quantum well (MQW) 
layers, which determine the emission color, were also made. Using these elaboratately 
controlled nanorod arrays, nanoarchitecture LED microarray was succesfully 
demonstrated. 
In addition to the controlled growth issue of nanorod arrays, it is very important 
to fabricate devices which can electrically address nanorods in the arrays for high-
density device applications. As shown in Figure 2.3(a), Z. L. Wang et al. demonstrated 
addressable nanowires device using low-temperature hydrothermal synthesis of 
vertical ZnO nanorods on electrode lines pre-patterned plastic substrates.28 The 
crossbar array structure was fabricated by making multiple top electrode lines on ZnO 
nanorods. In each crossbar junction, bundles of c-axis aligned vertical ZnO nanorods 
worked as a pressure sensor utilizing the piezoelectric properties of ZnO. This 
addressable nanorod device succesfully demonstrated flexible and transparent high-




Figure 2.3. Addressable array of bundles of ZnO nanorods for piezoelectric 
pressure imaging sensor.28 Individually addressable nanorods made by top 
down29 and bottom up30 approaches. Scale bars are 3 and 10 μm, respectively. 
Individually addressable nanorod array device would potentially enable the 
fabrication of ultimate density device with rich functionalities, since the diameter of 
the nanorod can be scaled down as small as a few nanometers31, 32 and many 
functionalities can be integrated in a single nanorod by making elaborate axial and 
coaxial heterostructures.33 For these reason, both top-down29 and bottom-up30 
approaches were used to make individually addressable nanorod arrays, as shown in 
Figures 2.3(b) and (c). 
High-density individually addressable Si nanorod arrays were fabricated by top-
down approach, as shown in Figure 2.3(b). To make this device, Si wafer was bonded 
to electrode pre-pattern substrate by nickel silicidation. Then, Ni dots were formed on 
the Si wafer in an aligned manner with the underlying electrodes and nanorods were 
formed by dry etching. This nanorod device arrays, which have superior spatial 
resolution and ideal geometry for interacting with cells, were used to record the 
intracellular activity of neurons. 
Nanomaterials directly grown on certain spots on the substrate, which is called as 
bottom-up approach, can have higher material qualities than those prepared by top-
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down approach which usually involves thin film growth (or wafer bonding), multiple 
lithography and etching processes. The individually addressable nanorods prepared 
by bottom-up approach was recently demonstrated as shown in Figure 2.3(c).30 The 
silicon-on-insulator (SOI) substrate was patterned in line shape and one Au dot were 
formed on each Si line. Then single Si nanorod was grown vertically on each Si line 
by vapor-liquid-solid (VLS) growth method. Electrolyte was filled on the nanowires 
and platinum wire was used as the counter electrode. Using this set-up, the 
photoelectrochemical measurement of single nanowire/electrolyte inteface was 
carried out.  
Although this method worked fine to measure the signals from individual 
nanorods prepared by bottom-up growth approach, this method has several limitations 
as listed below. First, the material choice is strictly limited because we need to 
consider the nanomaterials should have growth compatibility, such as growth 
temperature and epitaxial relation, with the pre-patterned electrode lines. Secondly, 
the number of Si line patterns should be increased proportional to the number of Si 
nanorods, so it becomes extremely challenging to increase the number of nanorod 
devices while keeping nanorod device arrays in high density. For scalable approach, 
rather than making electrodes for each nanorod, crossbar type electrode design is 
desirable. These obstacles can be overcome basically using inorganic nanomaterials 
grown on graphene films, which can offer vertically aligned growth of various kinds 
of semiconductor nanorods and exhibit high temperature compatibility and good 




2.2. Semiconductor nanostructure devices on graphene 
substrates 
After the first discovery that ZnO nanomaterials can be grown heteroepitaxially 
and vertically on graphene films,15 growth of many different semiconductor 
nanomaterials, including ZnO, GaN, InAs, GaAs, and etc., on graphene substrates 
were demonstrated.34-36 The graphene substrates can be an excellent substrate for 
semiconductor growth, since graphene has great scalability and extremely thin layered 
hexagonal lattice structure of graphene can provide heteroepitaxial relation to the 
semiconductor crystals. 36 Additionally, graphene have high thermal stability at high 
temperature required for inorganic semiconductor growth. The excellent electrical and 
thermal conductivity of graphene can also be used for ultrathin electrodes as well as 
heat dissipation layers for semiconductor devices.13 Moreover, the inorganic 
semiconductors prepared on large-area graphene can be easily lifted-off from the 
substrate due to their layered structure and weak bonding strength with the substrate.16 
These interesting characteristics make inorganic semiconductors/graphene hybrid 





Figure 2.4. (a) Tilted SEM images of GaN/ZnO nanorods grown on CVD graphene 
layers. (b) Flexible inorganic LED using nanorods grown on graphene layers.10 
Flexible inorganic LED was demonstrated using semiconductor nanorods 
grown on graphene layers, as shown in Figure 2.4.10 To make the flexible LED, ZnO 
nanorods were grown on large-area, chemical vapor deposited (CVD) graphene layers. 
Although ZnO nanorods are known to grow vertically on exfoliated graphene layers, 
the quality of CVD graphene layers were not optimized and ZnO nanorods grown on 
CVD graphene layers were grown in many different directions other than the vertical 
direction. In more recent growth study, it is well demonstrated that perfectly aligned 
vertical ZnO nanorod arrays can be grown on large-area CVD graphene layers. After 
preparing the ZnO nanorods on graphene layers, GaN coaxial layer was 
heteroepitaxially coated on ZnO nanorods for blue LED application. Then, p-GaN, 
InxGa1−xN/GaN multiple quantum well, and n-GaN layers were heteroepitaxially grown 
on the surface of the GaN nanorods. The surface morphology of GaN/ZnO nanorod LED 
structures grown on graphene layers can be seen in the tilted SEM images in Figure 2.4(a). 
Flexible LED was fabricated by coating the nanorod/graphene hybrid heterostructures 
with polymer layers and lifting off these layers by wet chemical etching of the underlying 
SiO2 layers by buffered oxide etchant (BOE). Then, these layers were transferred on 
copper (Cu) foil and ohmic metal contact was formed on the top surface of the nanorods. 
As shown in Figure 2.4(b), the flexible inorganic LED device showed blue light emission 




Figure 2.5. Position- and dimension-controlled nanorods on graphene substrates. (a) 
Schematic illustration of GaN/ZnO nanorod LEDs on exfoliated graphene layers, 
SEM image of ZnO nanorod arrays on exfoliated graphene layers, and light-
emission image of the LED.18 (b) 2-inch wafer scale grown ZnO nanorod arrays on 
CVD graphene layers.9 
Position- and morphology-controlled nanorod array growth on graphene 
substrates was recently demonstrated to fabricate high-density nanorod devices that 
have better uniformity and reliability. Figure 2.5(a) shows SEM image of the position- 
and morphology-controlled ZnO nanorod arrays grown on exfoliated graphene 
layers.18 The ZnO nanorods were grown selectively on exfoliated graphene layers by 
artificially making step edges by oxygen plasma ashing. Then GaN LED structures 
were heteroepitaxially coated on ZnO nanorods and LED device was made by making 
ohmic metal contact on p-GaN and underlying graphene layers as schematically 
shown in Figure 2.5(a). The device showed bright blue color emission as shown in 
Figure 2.5(a). 
More recently, position- and morphology-controlled growth of ZnO nanorod 
arrays on large-area CVD graphene substrates were demonstrated as shown in Figure 
2.5(b).9 In this work, hole patterned SiO2 growth mask was made on CVD graphene 
layers, where the surface of graphene layers was only exposed on the holes. ZnO only 
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nucleated and grew on the graphene surface exposed by the hole patterns, so that ZnO 
nanorod arrays were prepared on 2-inch wafer scale CVD graphene layers. Since there 
are no practical limitation in production size of graphene layers, which can even be 
synthesized by roll-to-roll process, the ZnO nanorod arrays on graphene layers can 
also be prepared in much larger size. In this thesis, this novel material system was 
used to fabricate individually addressable nanorod devices that were ultrathin and 
flexible. 
 
Figure 2.6. (a) Schematic illustration of the structure and ELOG growth of GaN 
microdisks on graphene dots. Tilted SEM images of GaN microdisk arrays growth 
on graphene dots at (b) lower and (c) higher magnifications.37 
In addition to nanostructures grown on graphene substrates, semiconductor 
microstructures, such as microdisks and microrods, were also prepared on graphene 
layers for transferable and flexible device applications. Figure 2.6 shows the GaN 
microdisk LED arrays grown on ZnO nanowalls coated graphene dots.37 High quality, 
single crystalline GaN microdisks were obtained using epitaxial lateral overgrowth 
(ELOG) technique, as schematically shown in Figure 2.6(a). The resulting structure 
is shown in the tilted SEM images in Figures 2.6(b) and (c), where regular arrays of 
GaN hexagonal microdisks with clear facets can be seen. Flexible LEDs with bright 
blue emission were made using this structure and the c-plane of GaN microdisks was 
used as a dominant light-emitting surface. In this thesis, this novel microdisk LED on 
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graphene dots structure was used to make ultrathin and flexible GaN microdisk 
microdisplay on graphene substrates. 
 
2.3. Ultrathin and flexible devices 
Ultrathin, flexible nanodevices with high density, performance, and reliability are 
in high demand for wearable and implantable device applications. For the ultrathin 
bendable devices, organic films due to their excellent scalability and flexibility have 
widely been employed. Someya et al. demonstrated ultrathin and ultraflexible organic 
photonic skin (see Figure 2.7).38 As shown in Figure 2.7(a), even with the multiple 
stack of layers, including substrates, electrodes, organic LED structures, and 
passivation layers, the total thickness of the device was as thin as 3 μm and display 
device was demonstrated on skin (see Figure 2.7(b)). 
 
Figure 2.7. Ultrathin and flexible photonic skin fabricated with organic materials. 
(a) Schematic illustration of the device structure. (b) Demonstration of ultrathin 
organic LEDs on skin.38 
Meanwhile, higher device performance is expected when using inorganic 
semiconductors in terms of high-carrier mobility, long-term stability, and reliability. 
Accordingly, flexible devices based on inorganic semiconducting materials have been 
extensively studied with the development of elaborate fabrication techniques, 
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including epitaxial lift-off and micro-assembly. Rogers et al. demonstrated flexible 
display device by the epitaxial lift-off AlGaAs/GaAs LEDs from the substrate and 
assembled them on PET substrates, as shown in Figure 2.8(a).39 The magnified 
photographs in Figure 2.8(b) shows the discrete arrays of AlGaAs/GaAs LED pieces 
integrated on flexible PET substrates. 
 
Figure 2.8. Flexible display using inorganic semiconductors. (a) Schematics of 
the fabrication method. Epitaxial lift-off of AlGaAs/GaAs LEDs from the 
substrate and assembly on PET substrate. (b) Magnified photograph of the 
inorganic LED display.39 
Recently, to further increase the integration density of flexible inorganic devices, 
vertical inorganic nanomaterials have been suggested, which can have potential 
advantages over planar thin films due to their unique physical properties and high 
growth density. Using this approach, high-spatial-resolution tactile sensor arrays were 
fabricated using ZnO nanorods as schematically shown in Figure 2.3(a).28 The 
piezoelectric characteristics of bundles of ZnO nanorods vertically aligned in c-axis 
were used to detect external pressure applied on the device. However, individual 
addressing of each nanorod in arrays would be an essential step to realize ultimate 
density device. However, up until now, flexible and individually addressable vertical 
nanorod devices has not been realized yet because of the difficulties in preparing 
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position- and morphology-controlled nanorod arrays and problems in lifting-off the 
nanorod arrays from the substrate. These obstacles can be overcome basically using 
1D semiconductor nanostructures grown on 2D nanomaterials. This dissertation will 
show the fabrication and characteristics of ultrathin and flexible individually 







This chapter describes experimental methods and apparatus to fabricate 
individually addressable hybrid dimensional nanoarchitecture devices using 
semiconductor nanostructures grown on graphene substrates. The hybrid dimensional 
materials were prepared using selective-area MOCVD system and catalyst-free MBE 
for the growth of ZnO, GaN, and InAs nano- and micro-structures on graphene layers. 
Methods of fabricating individually addressable nanorod devices using 1D+2D hybrid 
dimensional nanomaterials will be presented in detail. Additionally, the 
characterization methods of high-density integrated nanorod device arrays, 
photodetectors, pressure sensors, and nanostructured LEDs will be described in detail. 
3.1. Growth of semiconductor nanostructures on graphene 
substrates 
3.1.1. Preparation of graphene substrates 
Large-area, multilayer graphene (MLG) were synthesized on copper (Cu) foil 
using the CVD method. The Cu foil was inserted into a quartz tube and heated to 980 
◦C with an H2 flow at 100 standard cubic centimeters per minute (SCCM) at 200 Torr. 
Graphene films were grown on the Cu foil for 90 min under a mixture of CH4 and H2 
at flow rates of 10 and 100 SCCM, respectively. During growth, the reactor pressure 
was maintained at 220 Torr. Finally, the sample was cooled to room temperature (RT) 




3.1.2. Selective-area metal-organic vapor-phase epitaxy of ZnO and 
GaN semiconductors 
 ZnO nanorod arrays on graphene layers 
The ZnO nanorod arrays were grown on CVD graphene layers using selective-
area metal−organic vapor-phase epitaxy (SA-MOVPE), as shown in Figure 3.1. To 
obtain selective growth on the substrate, graphene substrates were coated with a 50 
nm amorphous SiO2 masking layer with hole patterns. 50-nm-thick SiO2 growth mask 
was deposited by plasma-enhanced chemical vapor deposition (PECVD) system 
installed at the Inter-university Semiconductor Research Center (ISRC) at Seoul 
National University. Hole patterns were formed on the growth mask by e-beam 
lithography (EBL) patterning followed by dry and wet etching using CF4 reactive ion 
etching (RIE) and BOE.9 
After making the growth mask, SA-MOVPE growth was performed using 
Diethylzinc (DEZn) and high-purity O2 (>99.9999%) as reactants, and high-purity Ar 
(>99.9999%) as the carrier gas. The flow rates of DEZn and O2 were 20 and 40 SCCM, 
respectively. During growth, Ar flowed into the quartz reactor through the bubbler 
with a DEZn bubbler temperature of −15◦C. To prevent premature reaction, the O2 
gas line was separated from the main gas manifold line. The reactor pressure was kept 




Figure 3.1. Preparation method of ZnO nanorod arrays on CVD graphene layers. 
(a) Transfer of CVD graphene layers on SiO2/Si substrate followed by (b) SiO2 
growth mask deposition and (c) hole array patterning on SiO2 growth mask. (d) 
ZnO nanorod arrays growth by SA-MOVPE. 
 GaN/ZnO microtube arrays 
After preparing the ZnO microtube arrays on CVD graphene layers or n-GaN/c-
Al2O3, a thin layer of Si-doped n-GaN was then heteroepitaxially grown on the ZnO 
microtube arrays. The bottom parts of the n-GaN/ZnO microtubes were masked with 
a 50 nm SiO2 layer. First, the entire surface of the microtube array was coated with a 
SiO2 layer by magnetron sputtering deposition, and then BOE was used to etch the 
SiO2 and expose the top GaN surface of the microtubes using a 1 μm thick poly(methyl 
methacrylate) (PMMA) layer which masked the lower parts of the microtubes. This 
PMMA layer was prepared by a spin-coating method first to coat the entire surface of 
the microtubes and then using oxygen plasma ashing to etch the PMMA layer from 
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the top parts of the microtubes. After the lower parts of the n-GaN/ZnO microtubes 
were masked with the SiO2 layer, the n-GaN/ZnO microtubes were then 
heteroepitaxially coated with Mg-doped p-GaN, u-InxGa1−xN/u-GaN MQWs, and Si-
doped n-GaN layers. Finally, the Mg acceptors in the p-type layers of the microtubes 
were activated by rapid annealing at 650 °C for 5 min in a N2 atmosphere.40 
 GaN microdisk arrays on graphene dots 
For the epitaxial lateral overgrowth (ELOG) of the GaN microdisks, continuous 
graphene films were patterned to graphene microdot arrays by photolithography and 
O2 plasma dry etching. c-axis aligned ZnO nanowalls were first grown on graphene 
microdots using MOVPE and the GaN microdisk structure was produced using ELOG 
of GaN on ZnO covered graphene dots using a pulsed-mode MOCVD technique. 
After growing the GaN microdisks, an additional Mg-doped p-GaN, u-InxGa1−xN/u-
GaN MQWs, and Si-doped n-GaN layers was regrown on the microdisks.37 
 GaN microdonut arrays 
The n-GaN microdonut arrays were prepared on Si-doped n-GaN/Al2O3(0001) 
using selective-area metal-organic vapor-phase epitaxy, as shown in Figure 3.2. For 
selective growth, a 100-nm-thick amorphous Si3N4 mask layer with hexagonal ring 
patterns was prepared on an n-GaN/Al2O3(0001) substrate by plasma-enhanced 
chemical vapor deposition (PECVD; HIGH-DEP BMR) and e-beam lithographic 
patterning (EBL; JEOL JSM 6510 – Raith GmbH ELPHY Quantum). After preparing 
the n-GaN microdonut arrays, Mg-doped p-GaN and electron-blocking p-AlxGa1−xN, 
u-GaN, and u-InxGa1−xN layers were heteroepitaxially grown on the entire surface of 
the n-GaN microdonuts at 1000, 1100, 1000, 800, and 1100°C, respectively. 
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Trimethylgallium, trimethylaluminum, trimethylindium, ammonia, 
bis(methylcyclopentadienyl)magnesium, and disilane were used as Ga, Al, In, N, Mg, 
and Si sources, respectively. After growth, the films were rapidly annealed at 650°C 
for 5 min in a N2 atmosphere to activate Mg acceptors in the p-type layers.3 
 
Figure 3.2. Preparation method of GaN microdonuts on c-sapphire substrate. (a) 
Hexagonal ring patterning of Si3N4 growth mask. (b) GaN microdonut growth 
by SA-MOVPE and LED structure coating including p−n junction, multiple 
quantum well and electron blocking layers. 
 
3.1.3. Catalyst-free molecular beam epitaxy of InxGa1−xAs/InAs 
coaxial nanorod heterostructures on graphene layers 
For the catalyst-free molecular beam epitaxial growth of InxGa1−xAs/InAs coaxial 
nanorod heterostructures on graphene layers, a two-step MBE process was used: (i) 
high-temperature synthesis of ultrafine-core InAs nanorods, and (ii) subsequent low-
temperature coating of InxGa1−xAs shell layers on the InAs core nanorods. This two-
step MBE growth method was employed to produce InxGa1−xAs shell layers with 
precisely controlled chemical composition and thickness, which resulted in highly 
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controlled nanorod heterostructures with clean interface compared to spontaneous 
phase separated MOCVD grown InAs core and InxGa1−xAs shell nanowires.41 Inside 
of a cryogenically cooled UHV growth chamber (RIBER 32P), InAs nanorods were 
grown at 530°C for 1 h, by supplying high-purity indium (In) and uncracked arsenic 
(As4) molecular beams from Knudsen cells. (see Figure 3.3) The beam-equivalent 
pressures (BEPs) of In and As4 were 6×10−8 and 7×10−5 Torr, respectively. For 
catalyst-free growth of InAs nanorods, we supplied As4 to the substrates for 10 min 
before supplying In to prevent In droplet formation on the graphene layers, which 
resulted in quite different nucleation and crystal growth behavior from vapor–liquid–
solid (VLS) growth.36, 42 
 
Figure 3.3. Preparation method of InxGa1−xAs/InAs coaxial nanorod 




3.2. Fabrication of ultrathin and individually addressable nanorod 
device arrays 
3.2.1. Preparation of ultrathin layers composed of nanorod arrays on 
graphene layers 
After preparing the ZnO nanorod arrays on CVD graphene layers, 3-μm-thick 
polyimide (PI) layers were formed on the sample by spin coating and the PI layers 
were prebaked at 120°C. The tips of the ZnO nanorods were exposed to air by 
selectively etching polyimide layers by 1 μm using oxygen plasma treatment. Then, 
the entire layers were mechanically lifted-off from the substrate (see Figure 3.4). After 
these freestanding layers composed of ZnO nanorods/graphene layers embedded in PI 
layers were prepared, the nanostructure-embedded layers were cured in N2 
atmosphere at 300°C. 
 
Figure 3.4. Lift-off of ultrathin layers composed of ZnO nanorod arrays on 




3.2.2. Microelectrodes formation on ultrathin layers 
To form microelectrodes on the ultrathin and flexible layers, the ultrathin layers 
were transferred flat on a highly doped n-type Si substrate surface to be prepared for 
electron beam lithography (EBL). PMMA layers were spin coated on the ultrathin 
layer and patterned by EBL. Then, gold (Au) electrode lines with 3.7 μm period as 
top electrode lines were formed on the ZnO nanorod arrays by standard EBL, metal 
deposition, and subsequent metal lift-off procedures. Grazing angle metal deposition 
method was used to coat Au electrodes conformally on the ZnO nanorod surface. 
Incident metal flux angle of 20° was used while rotating the substrate. In this 
configuration, when 100-nm-thick Au layers were deposited on the PI layer surface, 
12-nm-thick Au can be conformally deposited on the upright sidewall of ZnO 
nanorods. After flipping the freestanding layers and transferring on n-Si substrate, 
bottom chromium (Cr)/Au electrodes were formed in the same manner. Then, we dry 
etched the graphene layers that were not covered with Cr/Au, forming electrically 
separated graphene layers/Cr/Au bottom electrodes (see Figure 3.5). 
 
Figure 3.5. Microelectrode lines formation top and bottom surfaces of the 




3.3. Fabrication of nanoarchitecture light-emitting diodes 
3.3.1. GaN micropyramid and microdonut LED fabrication 
Micropyramid and microdonut LEDs were fabricated by forming ohmic metal 
contacts on both p- and n-type GaN layers, as shown in Figure 3.6. To form ohmic 
metal contact to p-type GaN, semitransparent Ni/Au (10/10 nm) layers were deposited 
by thermal evaporator on p-GaN surface. To form n-contact electrodes, the 
underlying or n-GaN layer were exposed to air by removing the Si3N4 masking layer 
with buffered oxide etch (BOE), and ohmic contacts were made on the n-GaN. Post-
annealing of the LEDs at 400°C for 5 min in air reduced ohmic contact resistances 
and enhanced the device characteristics.3 
 




3.3.2. Metal-cored GaN microtube LED fabrication 
Schematic illustration of the steps required to fabricate metal-cored microtube 
LEDs are shown in Figure 3.7. The LED devices were fabricated by making Ohmic 
metal contacts between the top p-GaN surface layers and the underlying n-GaN layers. 
The first step in making the contacts is to evaporate layers of Ti/Au (30/40 nm) onto 
an n-GaN layer. Next, the device was spin-coated with a 3 μm thick polyimide layer 
and cured at 300 °C. Oxygen plasma ashing exposed the top p-GaN surface to air. To 
make the metal contacts on the p-GaN layer, the p-GaN surface was coated by 
deposition with semitransparent Ni/Au (10/10 nm) layers with a pad size of 50 × 50 
μm2. The metal contacts were annealed at 400 °C for 5 min in air to reduce the Ohmic 
contact resistance and enhance the device characteristics. Once we had the basic LED 
devices, we had to make the metal cores. The entire top surface of the device was 
coated with Ni/Au (10/10 nm) layers and then rapidly annealed to create Ohmic 
contact. Then Ag plating solution (Alfa Aesar 44067) was used to electrochemically 
deposit a micrometer-thick Ag layer onto the Ni/Au electrodes. To enhance the 
adhesion between the electroplated Ag layer and the microtube LEDs, the samples 
were annealed in air at 400°C for 5 min. The microtube LEDs were then immersed in 
BOE to obtain lift-off from the n-GaN/c-Al2O3 substrate and remove the underlying 
sacrificial ZnO layer. After the device was rinsed in deionized water, it was transferred 
upside-down onto a polyimide film coated with carbon tape. To make the metal cores 
of the microtubes, semitransparent Ti/Au (2/2 nm) layers were deposited using an e-
beam evaporator. The flipped microtubes were coated with a 1 μm layer of ITO by RF 
magnetron sputter deposition with a pad size of 50 × 50 μm2. To reduce the contact 
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resistance of the n-electrodes, the samples were then annealed in air for 5 min at 
300 °C.40 
 
Figure 3.7. Schematic illustration of the steps required to fabricate metal-cored 
microtube LEDs. (a) SA-MOVPE epitaxy growth of ZnO microtube arrays on 
SiO2-masked n-GaN/c-Al2O3 substrates. (b) Coaxial coating of the p-GaN layers 
with u-GaN/indium gallium nitride (u-InxGa1−xN) multiple quantum wells and n-
GaN layers on the ZnO microtubes and formation of polyimide layers. (c) Lift-
off of the GaN/InxGa1−xN microtube LED array structure from the substrate 
after electrochemical deposition of Ag layers. (d) Deposition of the ITO/Ti/Au n-
electrodes after upside-down transfer of the lifted-off microtube LED array 




3.4. Fabrication of ultrathin microdisplay using GaN 
microdisks grown on graphene dots 
3.4.1. Transfer and assembly of microdisk LEDs in ultrathin form 
 
Figure 3.8. Schematic illustration of transfer process of small parts of the GaN 
microdisk arrays grown on graphene dots from the original substrate to foreign 
substrate. Then, after coating PI layer on GaN microdisk arrays, the ultrathin 
and freestanding layers are lifted-off from the substrate. (Figures not drawn to 
scale). 
Large-area grown GaN microdisk LED arrays on graphene microdots were used 
as a starting material for the fabrication of ultrathin microdisplay. As shown in Figure 
3.8, the first step was to transfer some parts of the GaN microdisk arrays from the 
original substrate to the foreign substrate. By transferring small pieces of microdisk 
arrays, which had size under 0.2 × 0.2 mm2, for 16 by 16 microdisplay application, it 
is possible to obtain more than 2,000 samples from microdisk arrays grown on 10 × 
10 mm2 substrate. To transfer the discrete GaN microdisks while keeping the regularly 
spaced array structure, polyimide (PI) layer was spin coated on GaN microdisk arrays. 
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GaN microdisk arrays embedded in PI layer was chemically lifted-off by removing 
underlying SiO2 layer of SiO2/Si substrate by BOE. Then, under optical microscope, 
a small piece of GaN microdisk arrays in PI layer was divided and transferred on 
foreign substrate.  
After transferring the small piece of GaN microdisk arrays on foreign SiO2/Si 
substrate, 2nd PI layer was spin coated on the substrate. Then, the SiO2 layer was 
removed by BOE and the ultrathin and freestanding layer composed of GaN microdisk 
arrays embedded in PI was prepared (see Figures 3.8 and 3.9(a)). 
 
Figure 3.9. Method of exposing the p-GaN and underlying graphene dot surface 
for metallization. (a) Ultrathin layer composed of GaN microdisk arrays and (b) 
selectively etching PI layers to expose GaN microdisks surfaces. SEM images (c) 
after coating PMMA layers and patterning hole arrays and (d) after selectively 
etching PI layers by oxygen plasma. 
The surfaces of p-GaN and graphene microdot were exposed to air before the 
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metallization process by selectively etching the PI layers which covered the top and 
bottom surface of GaN microdisks, as shown in Figure 3.9. PMMA layers were coated 
on the ultrathin layers containing microdisk arrays and 3 μm diameter hole arrays were 
patterned in an aligned manner with the individual GaN microdisks (see Figure 3.9(c)). 
Then, oxygen plasma asher was used to selectively etch the PI layers through the hole 
patterned PMMA mask (see Figure 3.9(d)). The selective etching of PI layer was 
performed on both the top and bottom surfaces of the GaN microdisk LED arrays, 
thereby exposing the surface of p-GaN and graphene microdot. 
3.4.2. Single walled carbon nanotubes (SWCNT) embedded metal 
microelectrodes 
 
Figure 3.10. Metallization of the GaN microdisk LED arrays using single-walled 
carbon nanotube (SWCNT) networks embedded metal electrodes. 
Single-walled carbon nanotubes (SWCNTs)/Ni/Au and SWCNTs/Ti/Au multiple 
electrode lines were formed on the top and bottom surface of GaN microdisk arrays in an 
aligned manner and crossing each other, as shown in Figure 3.10. The SWCNTs 
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embedded metal electrodes was formed by dispersing SWCNTs on the ultrathin layer and 
depositing microelectrodes. Then, SWCNTs were patterned by etching SWCNTs that 
were not covered by metal electrodes, leaving only the SWCNTs embedded metal 
microelectrodes. 
3.5. Electrical and optical characterization 
3.5.1. Electrical characterizations of individually addressable 
nanorod device arrays 
The current–voltage (I–V) characteristics of the devices were measured by 
applying a DC voltage to the device using a source meter (Keithley 2400). Two 16-
channel CMOS multiplexers (ADG1406, Analog Devices) and data acquisition (DAQ, 
National Instruments) system were used to address each nanorod device of the 16 by 
16 crossbar array. 
Ideality factor and barrier height of the Schottky diodes were estimated using the 
following equation based on a thermionic emission theory,43 






) − 1] , 
where a is the contact area, A* is the Richardson constant of ZnO, known as 32 AK–
2cm–2, T is temperature in Kelvin, k is the Boltzmann’s constant, q is the electric charge, 




Figure 3.11. Analog multiplexer system used to measure the addressable nanorod 
arrays (a) Circuit diagram of the multiplexing system. (b) Photograph of the 
actual measurement system on circuit board. (c) Computer program designed 
for measurement. (Special thanks to Dr. Hosang Yoon for developing the 
multiplexer system) 
 
3.5.2. Photodetector characterizations 
In the photodetection experiments, the photocurrent was measured through 
monitoring the change of current in response to irradiation of the UV lights with a 
fixed bias voltage. As a UV illumination source, 325 nm He-Cd laser was used and 
the continuously variable neutral density filter (NDC-50C-4M) was used to control 
the intensity of light illuminated on the device between 0.02 to 20 mW/cm2. The 
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illumination power of the 325 nm laser was measured by a UV extended Si 
photodetector (Thorlabs S120VC). The time-dependent photoresponses were also 
measured under duty-cycled on/off UV irradiation as shown in Figure 3.12. 
 
Figure 3.12. Photodetector responsivity and time response measurement system 
The spectral response of the photosensor device were measured by recording the 
photocurrent as a function of the wavelength of the monochromatic light irradiated on 
the device, as schematically shown in Figure 3.13. Monochromatic light was 
generated by a Xenon lamp and a monochromator. Additionally, the time-dependent 
photoresponses of the nanodevice were obtained at a fixed bias voltage under duty-
cycled on/off (30/30 s) UV irradiation. 
 
Figure 3.13. Photodetector spectral response measurement system 
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3.5.3. Pressure sensor characterizations 
The pressure sensor characteristics was measured by monitoring the change of 
current in response to pressure, as schematically shown in Figure 3.14. Precisely 
controlled external pressure was applied on the device using linear voice coil actuator 
(PIMag®  VoiceCoil Linear actuator, V-275.431). The linear voice coil actuator was 
controlled in 1 mN force resolution and the pressure was applied on the device through 
2  2 mm2 insulating block that had flat surface. 
 




3.5.4. LED characterizations 
The LED characteristics were investigated by operating the LED using electrical 
source meter and measuring the electroluminescent (EL) power and spectra, as 
schematically shown in Figure 3.15. Optical microscope (Carl Zeiss Co. Axioskop 2 
MAT) was used for probing as well as EL emission collecting. Electrical source meter 
(Keithley 2400) was used to measure I–V curves and to apply voltages or currents to 
LEDs. EL spectra were measured using a monochromator (Dongwoo Optron Co. 
DM150i) and a detection system equipped with a charge-coupled device (Andor InC. 
DU401A). The output power of the LED was measured by a UV extended Si 
photodetector (Thorlabs S120VC), which was placed on the backside of the LEDs. 
The resolution of the EL spectrum was 1 nm and the typical scan range was between 
300 to 800 nm. To investigate the output power and the efficiency of the LEDs, the 
emission power was directly measured by power meter. The power of the LED was 




Figure 3.15. Schematic illustration of the LED characterization system. 
 
3.6. Structural characterization 
Morphological and microstructural analyses were performed using a field-
emission SEM (FE-SEM; Carl Zeiss AURIGA) and high-resolution TEM (HR-TEM; 
FEI Tecnai F20), respectively. For cross-sectional TEM imaging and electron 
diffraction analysis, samples were milled with 30-kV-accelerated gallium ions using 
a focused ion beam machine (FIB; Quanta 3D FEG) in dual-beam mode. The 
compositional profile of each layer was obtained from EDX spectroscopy in the 




Individually addressable nanorod device arrays on 
graphene substrate  
4 
4.1. Introduction 
1D nanomaterials can be an ideal building block for ultimate density devices, 
since the diameter of 1D nanostructures can be reduced down to a few atoms 
thickness31 and even a single nanorod can have many functionalities by elaborately 
forming axial and coaxial heterostructures.5, 6, 33 Nevertheless, because of the 
difficulties in preparing the 1D nanomaterials and nanodevices in a well-controlled 
and ordered manner, it has long been very challenging to monolithically integrate 
many number of single 1D nanostructure device into a small space in a well-organized 
manner. Recently, to make addressable nanorod devices, methods of growing 1D 
nanomaterials on electrodes pre-patterned substrates have been suggested. However, 
because of the difficulties in preparing bottom electrodes that have growth 
compatibility with 1D nanomaterials, this method only worked for the addressing of 
bundles of nanorods synthesized by low-temperature hydrothermal growth method.28 
The individual addressing of single 1D nanomaterials would require fundamentally 
different approach. In this chapter, we suggest that these obstacles can be overcome 





Figure 4.1. 1D+2D hybrid dimensional nanomaterials prepared by 
heteroepitaxial growth of 1D semiconductor nanorods on 2D graphene layers. 
The 1D+2D hybrid nanomaterials, composed of 1D semiconductor nanorods 
grown on 2D layered nanomaterials, can be easily lifted-off from the substrate10 and 
the bottom electrodes can be simply formed on the underlying surface of the hybrid 
nanomaterials without considering the growth compatibilities. Additionally, this 
1D+2D hybrid nanomaterial system can synergistically integrate the advantages of 
each nanomaterial. In this chapter, the fabrication and characteristics of ultrathin and 
individually addressable ZnO nanorod device arrays on graphene layers will be 
presented. The graphene layers played a critical role in this work. They not only served 
as a heteroepitaxial substrate for vertical ZnO nanorod growth but they also acted as 




4.2. Ultrathin and individually addressable ZnO nanorod 
device arrays on graphene layers 
 
Figure 4.2. Ultrathin layer composed of ZnO nanorod arrays on graphene layers 
embedded in PI layers. (a) Selective area MOVPE growth of ZnO nanorod arrays 
on CVD graphene layers, followed by (b) polyimide layer coating and (c) 
mechanical lift-off. (d) Corresponding tilted SEM image of the ZnO nanorod 
arrays on graphene substrate and (e) after PI layer coating and lift-off. 
The basic strategy for the fabrication of flexible vertical nanodevice array is 
illustrated in Figure 4.2. As schematically shown in Figure 4.2(a), the first step is the 
preparation of vertically aligned ZnO nanorod arrays on CVD graphene layers.9 The 
nanorods exhibited excellent uniformity, with a mean length, diameter, and period of 
7, 0.5, and 4 μm, respectively, all of which could be controlled by changing the 
lithography design and growth parameters. After preparing the ZnO nanorod arrays 
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on CVD graphene layers, the gaps among the nanorods were filled with an insulating, 
flexible polyimide layers. As an essential step for creating a flexible device, the entire 
layers were mechanically lifted-off from the substrate (Figure 4.2(b)), due to the weak 
bonding strength between the substrate and the graphene layers. After these 
freestanding layers composed of ZnO nanorods/graphene layers embedded in PI 
layers were prepared, the nanostructure-embedded layers were cured, which enhanced 
the mechanical strength and chemical resistance of the layers. 
The freestanding form of ZnO nanorod arrays on graphene films, embedded in 
polyimide film, enabled the fabrication of flexible ZnO nanorod crossbar array. The 
basic approach for fabricating flexible and individually addressable nanorod crossbar 
arrays is shown in Figure 4.3. After preparing freestanding form of ZnO nanorod 
arrays on graphene films, gold (Au) electrode lines with 3.7 μm period were deposited 
on the top surfaces of the ZnO nanorods in a highly aligned manner with the nanorod 
array, as schematically shown in Figure 4.3(a). Au electrodes was used to make 
Schottky contact on ZnO nanorods, since Au and single-crystalline ZnO nanorods are 
well known to form good Schottky contact.43 After flipping the freestanding layers 
upside-down, chromium (Cr)/Au electrode lines were formed on the bottom surface 
of nanorods in the same manner (see Figure 4.3(b)). Then, graphene layers that were 
not covered with Cr/Au were removed by dry etching, so that graphene layers/Cr/Au 
bottom electrodes were formed. Ohmic contact can be expected at the bottom side 
composed of ZnO nanorod/graphene layers/Cr/Au.18, 44 The tilted SEM image in 
Figure 4.3(d) shows the top Au electrode lines formed in a precisely aligned manner 
with the ZnO nanorod arrays. Figure 4.3(e) shows the top view SEM image of the 





Figure 4.3. Microelectrode fabrication for individually addressable nanorod 
device. Schematic illustration of making (a) Au-ZnO Schottky contact on the top 
side and (b) depositing Cr/Au electrodes and (c) etching the exposed graphene 
layers to make ZnO-graphene layers/Cr/Au ohmic contact on the bottom side. (d) 
Corresponding tilted SEM image of top Au electrode lines formed on the upper 
surface of ZnO nanorod array and (e) bottom graphene layers/Cr/Au electrode 
lines formed on the bottom surface of the ZnO nanorod array. 
The final device structure are schematically illustrated in Figure 4.4(a), where Au 
and graphene layers/Cr/Au electrodes are contacting the top and bottom surface of a 
single nanorod and crossing each other. The photograph of the device in Figure 4.4(b) 
shows that the device layer had an ultrathin and extremely flexible form. The highly-
ordered, regular formation of single nanorod nanodevice array was confirmed by field 
emission (FE) SEM images in Figure 4.4. The top and bottom electrode lines were 
formed in a highly aligned manner with each ZnO nanorod, contacting top and bottom 
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surface of each ZnO nanorod and crossing each other perpendicularly, forming a 16 
by 16 single ZnO nanorod crossbar array. The unit nanodevice was composed of a 
single ZnO nanorod with Au top contact and graphene layers/Cr/Au bottom contact 
separated by PI spacer. 
 
Figure 4.4. Ultrathin and individually addressable ZnO nanorod device arrays 
on graphene. (a) Schematics of the final device structure. (b) Photograph of the 
actual device and (c) tilted FE-SEM image of the nanorod device array. 
The FE-SEM images of the upper and lower surface of the device are shown in 
Figures 4.5(a) and (b), respectively. In these images, we can see that the Au and 
graphene layers/Cr/Au electrode lines were formed in a highly aligned manner with 
the nanorod array, conformally contacting top and bottom surface of each ZnO 
nanorod. The cross-sectional FE-SEM image of the device are shown in Figure 4.5(c), 
from which we can see that the top and bottom electrodes were spatially separated 
with PI spacer and the PI layer between the nanorods were as thin as 1.4 μm (the 
vertical and horizontal scales of the cross-sectional FE-SEM image are calibrated to 
be the same). The coaxial thickness of the PI layer coated on each nanorod gradually 
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decreased from 1 to 0 μm as the distance from the substrate increased from 1 to 5 μm. 
The morphology of the PI layer near the ZnO nanorod arrays can be controlled by 
changing the spin coating speed, oxygen plasma treatment time, and the spacing 
between nanorods. On the uppermost region of the ZnO nanorods, Au-ZnO contact 
was formed on the 2-μm-long exposed area of ZnO nanorods. 
 
Figure 4.5. FE-SEM images of the (a) top and (b) bottom surface and (c) cross-




4.2.1. Electrical characteristics of individual ZnO nanorod devices 
The electrical characteristics of the nanodevice arrays were investigated by 
measuring their current–voltage (I–V) characteristics curves. Figure 4.6 shows the 
typical I–V curves of the nanodevices which showed good rectifying behavior and low 
leakage current. The nonlinear and clear rectifying behavior in I–V characteristics 
results from the Schottky contact formation between the Au electrode and ZnO 
nanorod. These diode elements, which can act as a selector in crossbar array, are very 
important in preventing crosstalk effect for the reliable operation of the crossbar 
array.45 98% of the nanodevices showed good Schottky diode characteristics as shown 
in Figure 4.6. However, 2% of the nanodevices showed high reverse leakage current. 
These exceptional behavior presumably results from the slight variation in ZnO 
nanorod morphology and metallization conditions, which can results in point contact 




Figure 4.6. Current−voltage characteristics curves from individual nanorod 
devices within the nanorod device array. The inset figure shows the histogram of 
the estimated barrier height values of the devices. 
Quantitative Schottky diode characteristics were investigated further by obtaining 
barrier height from the I–V characteristic curves of the devices. The I–V curves of the 
nanodevices with different barrier height were shown in Figure 4.6. Comparing the 
nanodevices having different barrier heights, we can see that the Schottky diode with 
higher barrier height have higher turn-on voltage and lower current level under the 
same forward bias voltages. The inset figure in Figure 4.6(b) shows the histogram of 
the barrier height, where the barrier height showed considerable variations ranging 




The electrical characteristics of the nanodevice array were investigated by 
spatially mapping the barrier heights of all the nanodevices in the array, as shown in 
Figure 4.7. Some electrode lines that were not properly connected to the measurement 
system were excluded in this diagram. The barrier height of individual nanodevices 
were different from each other with considerably huge variation ranging from 0.4 to 
1.2 eV. The observed nonuniformities of the individual nanorod devices presumably 
resulted from the nanoscale variation in the morphology of each nanorod in the array 
which also resulted in different metallization conditions for each nanorod device. We 
believe that such nonuniformity can be improved by optimizing the conditions for the 
growth and fabrication processes. 
 
Figure 4.7. Mapping of the estimated barrier heights of the nanorod device array. 
98% of the devices shows Schottky diode characteristics and 2% of the devices 
(marked with diagonal-square) shows ohmic characteristics or diode 




4.2.2. Flexible device characteristics 
The vertical nanodevice array could accommodate extreme bending conditions 
because of the micrometer-sized dimension and spacing of the nanodevice arrays.46, 47 
To evaluate the effect of mechanical deformation, the nanodevice arrays were bent by 
intentionally forming a wrinkle such that the bending radius was 50 μm. Figure 4.8(a) 
shows the corresponding FE-SEM image of the wrinkled film; no sign of tear or 
damage to the array is observable. Hybrid structure with nanorod that have a very 
small contact area with the graphene exhibited remarkable endurance under flexural 
deformation. Furthermore, because the bending radius was much larger than the 
characteristic dimension and spacing of the nanodevice array, the macro-sized 
curvature imposed by the bending did not affect the local structural integrity of the 
nanodevice array.37 
 
Figure 4.8. Flexible nanodevice array. (a) SEM image of the device under a few 
tens of micrometer scale bending radius. The inset shows higher magnification 
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SEM image near the crossbar junctions. (b) Photography of the device under 
various bending radii of ∞, 10, 2, and 0.5 mm, and the corresponding (c) current–
voltage characteristics curves measured under these bending radii. (d) Current–
voltage characteristics curves under repeated bending cycles. Inset graph shows 
the current level monitored at 2.0 and –3.0 V with repeated bending cycles. 
The effect of bending on the nanodevice array was further investigated by 
obtaining electrical characteristics at various bending radii. Figures 4.8(b) and (c) 
shows photographs and corresponding I–V curves at bending radii of ∞ , 10, 2, and 
0.5 mm. The I–V curves obtained at different bending radii (Figure 4.8(c)) exhibited 
very similar rectifying behavior, without appreciable differences in the device 
parameters, such as the turn-on voltage or leakage current. This suggests that no 
serious mechanical damage or fracture occurred at the electrodes or the junctions 
between the nanostructures and graphene during the bending test.  
Additionally, the reliability of the nanodevice array under repeated bending 
conditions was investigated by measuring electrical characteristics on repeating up to 
100,000 bending cycles. First, as shown in Figure 4.8(c), the nanodevice array 
exhibited almost identical I–V curves with repetitive bending, and the integrated 
emission intensities remained nearly constant over up to 100,000 bending cycles. In 
addition to the luminescent characteristics, the electrical characteristics were 
preserved with repetitive bending, exhibiting very similar rectifying I–V curves shown 
in the inset of Figure 4.8(c). The device parameters, including the forward (If) and 
reverse current (Ir) at 2.0 and –3.0 V, were recorded while dynamically bending the 
ultrathin device. As shown in the inset of Figure 4.8(d), both If and Ir did not 
significantly degraded with repeated dynamic bending cycles; If and Ir remained 
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nearly constant value of 6 × 10−8 and 5 × 10−9 A, respectively. All these characteristics 
of the nanodevice array fabricated on graphene films demonstrate reliable operation 




4.3. High-spatial-resolution ZnO photodetector arrays on 
graphene 
4.3.1. Photodetector characteristics of ZnO nanorod devices 
Ultraviolet (UV) photosensor characteristics of the ZnO nanorod device arrays 
were also investigated. Figure 4.9 shows the UV irradiation power dependent I–V 
curves of the nanodevice, which show the dark and photoexcited current levels. With 
increasing irradiation power density ranging from 0.02 to 20 mW/cm2, the current 
levels in both forward and reverse bias voltages clearly increased. Dramatic increase 
in current level was observed at reverse bias voltages. Especially, at –3.0 V, the 
currents level increased nearly three orders of magnitude. 
 
Figure 4.9. I–V curves of the nanorod device with increasing UV irradiation 
power. 
 







































4.3.2. Spectral and temporal responses 
The detailed photosensor characteristics were investigated by measuring the 
temporal and spectral photoresponses of the nanorod device arrays. The time-
dependent photoresponses were measured under duty-cycled on/off (30/30 s) UV 
irradiation in Figure 4.10. The UV irradiation dramatically increased the electrical 
current of the ZnO nanorod photosensor at a bias of −3.0 V. The mean on/off ratio of 
the photocurrent-to-dark current of the ZnO nanorod photodetector was measured to 
be ~100, indicating sensitive UV detection of the ZnO nanorod. 
 
Figure 4.10. Temporal response of the nanorod device to UV illumination 
Notably, no obvious photoresponses were observed by indoor light illumination 
or white radiation from a halogen lamp, indicating that the UV photoconductor device 
of the ZnO nanorod is selectively sensitive only to UV light with a photon energy 
higher than the band gap energy of ZnO. This selective UV sensitivity is evident in 
Figure 4.11, which shows spectral sensitivity of the nanodevice. As we can see in this 
graph, the nanodevice showed high responsivity near the UV wavelength range (300–
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380 nm), but showed low responsivity in the visible range (380–500 nm). The peak 
responsivity of 9  105 A/W was observed a 310 nm and the responsivity rapidly 
decreased near 330 nm. The inset figure in Figure 4.11 shows the spatial mapping of 
the responsivity of each nanodevice in the crossbar array. All the nanorod devices in 
the array showed high responsivities in the order of 105−106 A/W, but the responsivity 
of individual Schottky photodiodes were different from each other. The observed 
nonuniformities of the responsivity of individual nanorod devices presumably 
resulted from the nanoscale variation in the nanomaterial morphology and the 
metallization conditions. However, we believe that such nonuniformity can be 
improved by optimizing the conditions for the growth and fabrication processes. 
 
Figure 4.11. Spectral photoresponse of the nanorod device in the array. Inset 





4.4. High-spatial-resolution ZnO nanorod pressure sensor 
arrays on graphene 
The pressure sensor characteristics of the ZnO nanorod device arrays were 
investigated based on the previous studies that ZnO nanostructures can be used for 
strain-gated piezotronic transistors.28, 48 Under various pressure ranging from 0 to 50 
kPa, the current level was measured at bias voltages between −2.5 and 2.5 V as shown 
in the pressure dependent I–V curves in Figure 4.12. With increasing pressure from 0 
to 25 kPa, the current levels at forward bias voltages continuously dropped. However, 
above 25 kPa, the increasing pressure did not further affected the current level. Since 
there can be many possible origins other than the piezoelectricity of ZnO that might 
affected the change in current level of the device while pressing, more profound study 
would be necessary to understand the real origin of the observed results. 
 
Figure 4.12. Pressure-dependent I–V curves of the single ZnO nanorod device in 
the array. The inset figure shows the spatial variation of pressure sensitivity. 
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The pressure sensitivity of each nanodevice in the array was evaluated by spatially 
mapping the change in current level under the 75 kPa external pressure, as shown in 
the inset figure of Figure 4.12. Generally almost all nanorod devices in the array 
showed decrease in current level under external mechanical pressure. However, the 
degree of current level changes under the same pressure were different from each 
other and some nanorods in the array actually showed no change in current level. The 
observed nonuniformities of the pressure sensitivity of individual nanorod devices 
presumably resulted from the slight variation in the height and morphology of the 
nanorods in the array, as we can see in the SEM image in Figure 4.2. Under the same 
pressure, a slightly longer nanorod can show a clear pressure-response, whereas some 
relatively shorter nanorod device may not even be pressed. However, we believe that 
such nonuniformity can be improved by optimizing the conditions for the growth and 
fabrication processes. 
The temporal pressure-responses of the ZnO nanorod crossbar array was 
measured to further investigate the reliability of the pressure sensor. The time-
dependent pressure-responses were measured by monitoring the current at a bias of 
2.0 V under 50 kPa press-and-release cycles (10/10 s) as shown in Figure 4.13. As 
soon as the pressure was applied on the device, the current level rapidly dropped from 
300 to 20 nA and, when the pressure was released, the device immediately recovered 
its original conductivity. The mean on/off ratio of the current with and without 50 kPa 
pressure was measured to be ~150, indicating sensitive pressure sensor characteristics 




Figure 4.13. Temporal pressure response characteristics measured at bias voltage 





4.5. Light-emitting diodes using GaN/ZnO coaxial nanorod 
arrays 
One of the most important key advantage of nanorods is that they can incorporate 
very rich functionalities in a single nanorod by making axial or coaxial nanorod 
heterostuctures.33 So far, we have discussed the device applications based on ZnO 
nanorod arrays grown on graphene substrates. By forming coaxial nanorod 
heterostructures on the ZnO nanorod arrays, tremendous varieties of applications can 
be realized. In this section, we coaxially coated GaN layers on the ZnO nanorods for 
LED applications (see Figure 4.14). High quality GaN shell layers can be 
heteroepitaxially coated on ZnO nanorods, because GaN and ZnO have the same 
wurtzite crystal structure and a low lattice constant misfit of 1.9%.49 
 
Figure 4.14. Schematic illustration of position- and dimension-controlled ZnO 
nanorod arrays on graphene substrates and the coaxial coating of p-GaN, u- 
InxGa1−xN/GaN multiple quantum wells (MQWs), and n-GaN layers on ZnO 
nanorod arrays for LED application. 
These coaxial GaN nanorod LEDs can have many advantages over conventional 
GaN thin film LEDs (see Figure 4.15). Nanostructured LEDs can have (1) larger 
surface area for light-emission,26 (2) higher light out-coupling efficiency,50 (3) 
reduced quantum confined stark effect (QCSE) due to the use of non/semi-polar 
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facets,51 and (4) higher crystallinity compared to conventional thin film LEDs52. This 
section will describe LED applications of GaN/ZnO coaxial nanorod heterostructure 
arrays grown on graphene substrates. Additionally, metal-cored GaN/ZnO microtube 
will be presented as a method to significantly improve current spreading 
characteristics and output power of the nanostructured LEDs.40 
 
Figure 4.15. Schematic illustration of conventional thin film LEDs and coaxial 
nanorod LEDs. 
4.5.1. GaN/ZnO coaxial nanorod LED arrays on graphene 
Flexible inorganic LEDs on graphene layers can be demonstrated by employing 
InxGa1−xN/GaN LED structures on ZnO nanorod arrays. This device concept was first 
demonstrated by C.-H. Lee et al. using randomly nucleated GaN/ZnO nanorods grown 
on CVD graphene layers.10 Although flexible LEDs on graphene were already 
successfully demonstrated with randomly nucleated nanorod arrays on graphene, 
flexible LEDs fabricated with position- and morphology-controlled GaN/ZnO coaxial 
nanorod arrays on graphene are expected to show higher power, uniformity, and 
reliability. Additionally, as I emphasized many times in this thesis, the position 
controlled preparation of GaN/ZnO nanorods is also a very important step to fabricate 
individually addressable nanorod device arrays. Using this highly controlled 
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GaN/ZnO nanorod array on graphene, high-resolution microdisplay can be fabricated 
where each nanorod LED works as an individual pixel. 
The position- and morphology-controlled GaN/ZnO coaxial nanorod array on 
CVD graphene layers were demonstrated as shown by the tilted SEM image in Figure 
4.16. This structure was fabricated by heteroepitaxially coating p-GaN, u- 
InxGa1−xN/GaN multiple quantum wells (MQWs), and n-GaN layers on position- and 
morphology-controlled ZnO nanorod arrays grown on CVD graphene layers. The 
coaxial coating of GaN and InxGa1−xN layers on ZnO nanorod increased the diameter 
of the nanorods from 0.5 to 3 μm. We can see that the GaN/ZnO nanoarchitectures 
had clearly defined hexagonal facets with mean height, diameter, and spacing of 8, 3, 
and 4 μm, respectively. 
 
Figure 4.16. SEM image of the position- and morphology-controlled GaN/ZnO 
nanoarchitecture arrays grown on CVD graphene substrates. 
Nanostructured LED was fabricated by filling the gaps between the nanorod 
arrays using polyimide layers and making ohmic metal contact on both the upper p-
GaN surface of the GaN/ZnO coaxial nanorods and the underlying graphene layers.  
The I−V characteristics curve in Figure 4.17(a) shows clearly rectifying behavior, 
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indicating the formation of good p−n junctions. EL characteristics of the LED is 
shown in Figure 4.17(b), where blue light-emission was observed with a dominant EL 
peak observed at 428 nm. The inset figure in Figure 4.17(b) shows the EL image of 
the LED. The multiple light-emitting spots on the EL image indicate light-emission 
from discrete GaN/ZnO nanorod arrays. However, non-uniformities in EL emission 
were also observed from the nanorod arrays; the brightness of each nanorod LED was 
different with each other and slight difference in EL colors was observed as well. 
Additionally, it seems like there were many nanorods which did not emitted light at 
all. The non-uniformities observed in nanorod LED arrays may be due to the slight 
variation in the morphology of the nanostructured LEDs, which can result in 
difference in chemical composition and thickness of each LED layer. I believe that 
the uniformity of the nanorod LED array can be improved by further optimizing the 





Figure 4.17. LED characteristics of position- and morphology-controlled 
GaN/ZnO coaxial nanorod LED arrays grown on CVD graphene substrates. (a) 






4.5.2. Metal-cored nitride semiconductor microtube LED arrays 
Three-dimensional (3D) semiconductor nanoarchitectures, including nano- and 
microrods, pyramids, and disks, are attracting tremendous interest as candidates for 
next-generation light emitters,53-55 as they offer a huge amount of additional light-
emitting area56-58 and enhanced light out-coupling efficiency26, 59, 60 compared with 
that of planar LEDs and show many unconventional properties that were very hard 
to achieve with conventional LEDs.61-63 The unique characteristics of 
nanoarchitecture LEDs include the use of semipolar/nonpolar nano- or microfacets 
of nitride semiconductor nanostructures that can significantly reduce the quantum-
confined Stark effect,51 which is known to have detrimental effects on the device 
characteristics of planar LEDs.64 Additionally, using the difference in the growth 
dynamics of each facet in multifaceted nitride nanoarchitectures, it is possible to 
fabricate multicolored LEDs on a single substrate without phosphor conversion.65 
Furthermore, due to their elaborate 3D geometry, the current spreading 
characteristics of 3D nanoarchitecture devices differ dramatically from those of 
conventional thin film devices, which can be exploited in a highly controlled 
manner.63, 66, 67 For instance, by carefully controlling the spatial distribution of the 
current density over multifaceted GaN LEDs, color-tunable LEDs have been 
produced.63 However, to obtain very bright single-color LEDs or laser diodes, a 
uniform, high density electrical current must be injected into the entire active area of 
the nanoarchitecture device. Here, we report a novel device structure where currents 
with the required properties can be injected into the 3D semiconductor 
nanoarchitecture LEDs. This is achieved by depositing layers of metal into the 
microtube LEDs to form a metal core. We investigated the effects of the metal cores 
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in coaxial nitride tube LEDs experimentally and by computational modeling. 
 
Figure 4.18. Schematic illustration of the steps required to fabricate metal-cored 
microtube LEDs. (a) Overall structure of the metal-cored microtube LEDs, with 
Ti/Au/indium tin oxide (ITO) layers filling the inner shell of the n-GaN 
microtubes, and Ni/Au and Ag layers covering the p-GaN layer of the LED. (b) 
Selective-area metal−organic vapor-phase epitaxy growth of ZnO microtube 
arrays on SiO2-masked n-GaN/c-Al2O3 substrates. (c) Coaxial coating of the p-
GaN layers with u-GaN/indium gallium nitride (u-InxGa1−xN) multiple quantum 
wells and n-GaN layers on the ZnO microtubes and formation of polyimide 
layers. (d) Lift-off of the GaN/InxGa1−xN microtube LED array structure from 
the substrate after electrochemical deposition of Ag layers. (e) Deposition of the 
ITO/Ti/Au n-electrodes after upside-down transfer of the lifted-off microtube 
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LED array structure on foreign substrates. (f) Tilted SEM images of ZnO 
microtube arrays and (g) GaN/InxGa1−xN/ZnO microtube LED arrays on n-
GaN/c-Al2O3 substrates. 
The procedure for making metal-cored coaxial microtube LEDs is illustrated in 
Figure 4.18. First, we prepared coaxial GaN/InxGa1−xN/ZnO microtube arrays on n-
GaN-coated aluminum oxide (c-Al2O3) substrates. SA-MOVPE was used to grow 
both position- and size-controlled ZnO microtube arrays on the n-GaN/c-Al2O3 
substrates. The substrates were coated with 100 nm thick silicon dioxide (SiO2) 
growth mask layers patterned with holes, which are schematically illustrated in Figure 
4.18(b). The corresponding tilted scanning electron microscopy (SEM) image in 
Figure 4.18(f) shows that the diameter, height, and period of the regular hexagonal 
ZnO microtube arrays are 1.0, 5.5, and 4.0 μm, respectively. Here, the ZnO 
microtubes and SiO2 mask layer acted as sacrificial layers, which were later 
selectively etched after the epitaxial growth and device fabrication of GaN/InxGa1−xN 
coaxial microtube LEDs. After the preparation of the ZnO microtube arrays, the ZnO 
microtubes were heteroepitaxially coated with Mg-doped p-GaN, u-InxGa1−xN/u-GaN 
multiple quantum wells (MQWs), and Si-doped n-GaN layers. The regular arrays of 
GaN/InxGa1−xN/ZnO microtubes have clearly defined hexagonal facets, as shown in 
the SEM image in Figure 4.18(g). After being coated, the diameter of the microtubes 
increased to 3 μm. To activate the Mg acceptors in the p-type semiconductor layers, 
the samples were rapidly annealed at 650 °C for 5 min in a N2 atmosphere to activate 
Mg acceptors in the p-type layers. 
The GaN/InxGa1−xN/ZnO microtube LED arrays were fabricated by forming 
ohmic metal contacts between the coaxial microtubes, as illustrated schematically in 
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Figure 4.18(c). To form continuous p-electrodes and spatially isolate the p- and n-
electrodes, the gaps between the microtubes were filled by coating the entire structure 
with a 3 μm thick polyimide layer and curing it at 300 °C in a N2 atmosphere. To 
expose the top p-GaN surface of the microtubes to the air, oxygen plasma was used 
to remove the polyimide coated on the top surface of the microtubes. The p-contact 
electrodes were made by depositing semitransparent Ni/Au (10/10 nm) layers with a 
pad size of 50 × 50 μm2 onto the top surface of the p-GaN, which covered 160 
microtube LEDs. The n-contact electrodes were made by depositing Ti/Au (30/40 nm) 
contacts onto an n-GaN layer that had been exposed to the air by removing the SiO2 
masking layer with a buffered oxide etchant (BOE). The device characteristics were 
enhanced by reducing the Ohmic contact resistances by post-annealing the LEDs in 
air for 5 min at 400°C. More detailed descriptions of how to prepare the materials49, 
63 and make the LEDs can be found elsewhere.26 
To enable the inner shell of the metal-cored microtube LEDs to be filled, the 
GaN/InxGa1−xN/ZnO microtube LED arrays were lifted-off the original substrate and 
transferred upside-down onto a carbon-tape-coated polyimide film. Before the lift off, 
we deposited Ni/Au (10/10 nm) onto the entire top surface of the devices and rapidly 
annealed the metal layers for p-contact electrodes. Then, a micrometer-thick layer of 
Ag was electrochemically deposited onto the Ni/Au electrodes, as shown in Figure 
4.18(d). To strengthen the adhesion between the electroplated Ag layer and the 
microtube LEDs, the LEDs were annealed in air at 400 °C for 5 min. The devices 
were then immersed in BOE to remove the underlying sacrificial ZnO microtubes and 
SiO2 layer. After a few hours, the ZnO microtubes and SiO2 layer were completely 
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removed and it was clear that the entire structure had lifted-off from the n-GaN/c-
Al2O3 substrate. After the structures were rinsed in deionized water, they were 
transferred upside-down onto a polyimide film coated with carbon tape. 
In the final step, we made the metal cores, which were contained by the nitride 
semiconductor microtubes. Before making the metal core electrodes, we visualized 
the upside-down flipped surface of microtube LEDs embedded in a polyimide layer 
from above using SEM. The resulting image is shown in Figure 4.19(a). We can 
clearly see the cylindrical inner shells of the GaN/InxGa1−xN microtubes, which had a 
diameter of 1 μm. We then deposited semitransparent Ti/Au (2/2 nm) layers inside 
the nitride tubes to form the metal core. An electron-beam evaporator was used for 
the deposition. The Ti/Au layers were coated with a 1 μm indium tin oxide (ITO) 
layer, which was made by RF magnetron sputtering deposition. A pad size of the 
Ti/Au/ITO electrodes was 50 × 50 μm2. The n-contact electrodes were then annealed 
in air at 300 °C for 5 min to reduce the Ohmic contact resistance. The transmittance 
of annealed Ti/Au (2/2 nm) layers was greater than 80% for the wavelength range of 
370−570 nm. Figure 4.19(b) shows the surface morphology of the flipped microtubes 
after the deposition of the Ti/Au/ITO layers. Comparison of Figure 4.19(a,b) shows 
that the diameter of the inner shell decreased from 1.0 to 0.4 μm, indicating the 




Figure 4.19. SEM image from above of the light emitting diode array after it has 
been transferred upside-down on foreign substrates (a) before and (b) after the 
deposition of the Ti/Au/ITO layers. Cross-sectional structure of the metal-cored 
microtube LED structure shown (c) by a false-colored SEM image, with the SEM 
configured in the backscattered electron detector mode to show the ITO, 
polyimide (PI), n-GaN, p-GaN, and Ag layers indicated with green, red, blue, 
purple, and yellow, respectively. (d) Energy-dispersive X-ray spectroscopy line 
profile showing the In and Ga composition on the inner shell of the metal-cored 
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microtube LED. The In and Ga composition represent ITO and GaN, 
respectively. The scanned region is indicated by a solid red line in (c). (e) 
Scanning transmission electron microscopy image near the p−n junction of the 
upright sidewall of a microtube LED, which is the region marked by a circle in 
(c). (f) High-resolution TEM image of an MQW taken along a direction of 
[?̅?𝟐?̅?𝟎]. The inset shows the fast Fourier transform pattern of a wurtzite GaN 
crystal obtained from (f). 
To confirm that the structure of the metal core had been formed as expected, its 
cross section was analyzed by SEM. The SEM was configured in backscattered 
electron detector mode to enable us to distinguish materials with different atomic 
numbers, meaning that the ITO, n-GaN, p-GaN, polyimide, and Ag layers could be 
distinguished. These are colored in green, blue, purple, red, and yellow, respectively, 
in Figure 4.19(c). From this SEM image, it is clear that the metal core has been 
successfully deposited in the inner shell of the n-GaN microtube. Additionally, we 
can see that the polyimide spacer has filled the gaps between the n- and p-electrodes. 
The chemical composition and crystal quality of the metal-cored GaN/InxGa1−xN 
microtube LEDs were further analyzed using an energy-dispersive X-ray 
spectroscopy equipped scanning transmission electron microscopy system (EDX-
STEM) and high-resolution TEM (HR-TEM). To directly confirm the presence of the 
metal core inside the microtube LEDs, the EDX line profile near the inner shell of the 
microtube LEDs was measured. The scanning position is marked with a solid red line 
in Figure 4.19(a). The EDX line profile in Figure 4.19(d) indicates indium L 
characteristics, revealing the ITO layer inside the inner shell of the microtube. The 
thickness of the topmost parts of the sputter-deposited ITO layers was 1 μm, but at 
the position indicated, the thickness of the ITO layers deposited inside the microtube 
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was only 50 nm. The thickness of the ITO layer gradually decreased as the distance 
from the open end of the tube increased; near the opening, it was 100 nm, whereas 
near the bottom, the thickness had reduced to 4 nm. 
Scanning TEM and HR-TEM images, shown in Figures 4.19(c) and (d) were also 
used to analyze the coaxial LED structure. The STEM image in Figure 4.19(e) shows 
well-defined three-period MQWs between the p- and n-type GaN layers. As shown in 
the HRTEM image in Figure 4.19(f), the MQW layers consisted of 5 nm InxGa1−xN 
quantum wells and GaN quantum barriers that were 25 nm thick. EDX point analysis 
estimated the x value to be 0.07. The STEM images also revealed that the thickness 
of n- and p-GaN layers coated on the sidewalls was 300 and 140 nm, respectively. 
The fast Fourier transform pattern obtained from the HR-TEM image in the inset of 
Figure 4.19(f) shows the high crystallinity of a wurtzite GaN crystal. 
The InxGa1−xN/GaN MQW layers were sharply defined and clearly visible along 
the entire sidewalls of the microtube, but the layers became blurred near the end of 
the p−n junction, as shown in Figure 4.19(e). The unclear formation of MQW layers 
at this position indicates that the layers with different chemical composition could not 
be clearly distinguished; thus, the quality of the p−n junction cannot be ensured in 
this region. As such, this region is suspected as the dominant leakage current path in 




Figure 4.20. Characteristics of the standard and metal-cored microtube LEDs: 
(a) EL spectra and (b) current−voltage characteristic curves. The inset of (a) 
shows magnified EL images of (i) a metal-cored microtube LED array and (ii) a 
standard microtube LED array. 
Comparison between the electroluminescence (EL) of the metal-cored (inset i) 
and standard (inset ii) LED arrays is shown in Figure 4.20. The visible blue light 
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emitted by the LEDs was bright enough to be seen by the unaided eye under normal 
room illumination. In both cases, the EL spectra were obtained using a bias voltage of 
8.0 V. The intensity of the EL emissions of the metal-cored microtube LEDs was 
nearly 4 times larger than that of the standard microtube LEDs. The increase in output 
power may be attributed to the improved current spreading characteristics arising from 
the presence of the metal core. The electroplated Ag p-electrode layer and Ti/Au/ITO 
n-electrode layers may improve the reliability of the electrodes, which would 
contribute to an increase in the intensity of the EL emissions. 
In the EL spectrum of the standard microtube LEDs (before they were lifted-off 
from the substrates), there was a single emission peak at 446 nm, with a full width at 
half-maximum (fwhm) value of 64 nm. The EL spectrum of the metal-cored 
microtube LED had a dominant emission peak at 420 nm, with a fwhm of 35 nm. 
There was also a broad shoulder near 500 nm, covering a spectral range from 400 to 
600 nm. This change in the EL spectrum indicates that the insertion of the metal core 
modified the current-spreading characteristics of the LED array, and that more MQW 
regions were used for light emission. We base this speculation on the fact that the 
indium composition of 3D nanostructured LEDs typically varies spatially over the 
GaN/InxGa1−xN MQWs,68 leading to different EL color emissions on each segment.3, 
61 The current spreading in LEDs with a range of architectures, with and without metal 
cores, will be discussed in detail with computational models in Figure 4.21. 
In addition to the EL characteristics, we compared the current−voltage (I−V) 
characteristic curves of the devices in Figure 4.20(b). To plot these results, averages 
from five different devices are used. Clear improvements in the I−V characteristics of 
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the microtube LEDs were made by the addition of the metal cores. These include 
better rectifying behavior at 2.5 V, a larger forward bias current for voltages above 3.0 
V, and reduced reverse bias leakage current. The average resistance of the metal-cored 
LEDs decreased from 400 to 220 Ω. The metal-cored microtube LEDs were 2.8 times 




Figure 4.21. Current-spreading characteristics of a coaxial p−n junction with 
microrod and microtube, with and without metal-core architectures. The spatial 
distribution of the current density inside the (a) microrod, (b) microtube without 
a metal core, and (c) microtube with a metal core. The intensity of the red color 
represents the current density, increasing as the current density increases. The 
p- and n-type ohmic electrodes around the microrods and microtubes are 
indicated with the yellow color. (d) Current density at the p−n junction as a 
function of distance, starting from the tip of the structure. 
We used computational modeling techniques to investigate the cause of the 
improved LED characteristics described above. We modeled the current-spreading 
characteristics of coaxial p−n junction GaN microrods and microtubes with and 
without metal cores. Figures 4.21(a−c) shows the electric current flow through the 
cross section of a coaxial p−n junction GaN microrod, microtube, and metal-cored 
microtube architectures, respectively. The streamlines in the figures represent the 
current flow, and the intensity of the red color is proportional to the current density. 
The yellow colored areas indicate ohmic metal electrodes around the microrod and 
microtube, which are forward biased at 5.0 V. Additionally, the current density passing 
through the p−n junction in each case, indicated by the dotted line in Figure 4.21(a), 
is plotted against the position along the structure in Figure 4.21(d). 
First, we examined the current-spreading characteristics of microrods and 
microtubes without metal cores. As shown in Figures 4.21(a), (b), and (d), the current 
density decreased along the length of the structure. This result indicates that, although 
the active areas for light emission are larger in 3D nanostructure LEDs than in thin 
film LEDs, not all of the active area is used for light emission. The current injection 
area can be slightly increased by either increasing the conductivity of the n-GaN or 
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decreasing the conductivity of the p-GaN. However, further investigations, shown in 
Figure 4.22, indicated that the current-spreading characteristics of the microrod and 
microtube could not be significantly modified by varying the conductivity of the n-
GaN and p-GaN. The presence of the metal core significantly altered the current-
spreading characteristics of the coaxial p−n junction GaN microtubes. The current 
density increased 2-fold, increasing the current level along the entire length of the 
microtube, as can be seen in Figures 4.21(c) and ,(d). The enhancement in the current 
flowing through the metal-cored microtubes can be attributed to the increased use of 





Figure 4.22. Carrier concentration dependence of the current spreading 
characteristics in a coaxial p−n junction microtube without metal core. The 
current density at the p−n junction as a function of distance depending on a) the 
donor concentration of n-GaN microtube and b) the acceptor concentration of p-
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GaN shell layer. 
Based on the current-spreading model of the microtubes, we present a possible 
explanation with regard to the difference in the leakage current levels between the 
metal-cored and standard microtube LEDs (see Figure 4.21(b)). As shown in Figure 
4.21(d), the microtube LEDs without metal cores had the highest current density near 
the end of the p−n junction, the region of the suspected leakage current path. When 
metal cores were inserted inside the microtube LEDs, the current density increased 
along the entire sidewalls but decreased only near the end of the p−n junction. 
Because the current passing through the suspected leakage current path decreased, 
metal-cored microtube LEDs showed leakage current levels lower than those of 
standard microtube LEDs. This leakage current path also produced a difference in the 
turn-on voltages of the two devices. Through the leakage current path located near the 
end of the p−n junction, current flowed from the lower bias voltage that was below 
the turn-on voltage of the other well defined p−n junction in the sidewalls. Hence, the 
turn-on voltage of standard microtube LEDs appeared lower than that of metal-cored 
microtube LEDs.  
The improved EL property of metal-cored microtube LEDs (see Figure 4.20(a)) 
can be attributed to the significant increase in the use of the active regions for light 
emission, as demonstrated by the current-spreading model in Figure 4.21. 
Additionally, we think that the modified distribution of current density in the metal-
cored microtubes also played a critical role in enhanced EL characteristics, assuming 
the existence of a leakage current path at the end of the p−n junction in the microtube 
LED; in this region of the microtube LED, the p−n junction end appeared to be of 
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relatively low quality, as indicated by the unclear formation of MQW layers. 
Accordingly, in addition to the leakage current issue here, poor EL characteristics can 
be expected in this region, as well. For metal-cored microtube LEDs, the current 
density increased along the well-formed p−n junction in the sidewalls but decreased 
only in the low-quality region near the p−n junction end; thus, enhanced EL 
characteristics were observed. 
We demonstrated that the addition of metal cores to microtube GaN/InxGa1−xN 
LED arrays enhances their performance. The results were obtained experimentally 
and then investigated in more detail using computational modeling. In comparison to 
the unmodified GaN/InxGa1−xN/ZnO microtube LED arrays, the devices with metal 
cores emitted light more brightly and had a higher forward bias current and a lower 
reverse bias leakage current. By inserting metal cores inside the 3D LED 
nanoarchitectures and understanding their current-spreading characteristics, we can 
create devices that have a larger active area for light emission and higher efficiency. 
4.6. Summary 
In summary, ultrathin and individually addressable nanorod device arrays were 
demonstrated using position- and morphology-controlled ZnO nanorod arrays grown 
on large-area graphene layers. It was possible to individual address each nanorod 
device in the array and measure their electrical characteristics. Furthermore, the 
ultrathin nanorod device array on graphene layers operated reliably in freestanding 
and flexible form without observable degradation of the device characteristics. Based 
on this device concept, high-spatial-resolution nanorod UV photodetector and 
pressure sensor applications were also demonstrated as well. Moreover, blue LED was 
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demonstrated using position- and morphology controlled GaN/ZnO coaxial nanorod 
heterostructure arrays on CVD graphene layers. Metal-cored GaN microtube LED 
was demonstrated as one practical solution to significantly improve the performance 
of the nanostructured LEDs. More generally, we believe that this approach provides a 
general and rational route for developing many different ultimate-density inorganic 




Microstructure light-emitting diode arrays on graphene 
substrate for display applications 
5 
5.1. Introduction 
Semiconductor microstructures, such as micro-thin films, microdisks and 
micropyramids, based devices are expected to be realized in more foreseeable future 
than semiconductor nanostructures based devices, since the physical properties of 
semiconductor microstructures are more similar to conventional thin films than those 
of nanostructures and well-established semiconductor processing technologies can be 
directly applied to the microstructures.69 By integrating semiconductor 
microstructures on graphene layers, as shown in Figure 5.1, the advantages of each 
material would be synergistically combined, thereby high performance, flexible, and 
transferrable electronic and optoelectronic devices can be realized.16, 37 
 
Figure 5.1. Schematic illustration of semiconductor microstructures 
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heteroepitaxially grown on graphene layers. 
This chapter will present the micro-LED and microdisplay applications of 
semiconductor microstructures. Ultrathin and flexible microdisplay will be 
demonstrated using GaN microdisk LED arrays grown on graphene microdots. For 
the full-color microdisplay applications, variable color LEDs are also demonstrated 
using multifacetted GaN microdonuts and micropyramids. 
5.2. GaN microdisk light-emitting diode display fabricated on 
graphene 
Microdisplay with high resolution, brightness, and efficiency with long-term 
stability and reliability are highly required for advanced display technologies.70 
Inorganic semiconductors LEDs best suits this purpose because they can emit very 
high density of light from a small area and they have very high efficiency and long-
term stability.71, 72 To use inorganic LEDs for display applications, various lift-off and 
transfer techniques of inorganic thin films grown on single crystal substrates, such as 
sapphire or Si, were developed.69 However, achieving display devices using inorganic 
semiconductor thin films is still very challenging because of the limited size and high 
manufacturing cost of the single crystal substrates, as well as the complicated 
processes required for lift-off and assembly. To resolve this problem, growths of 
inorganic semiconductor nanostructures and thin films on graphene substrates have 
recently been proposed, since graphene has great scalability and extremely thin 
layered hexagonal lattice structure as an excellent substrate for GaN growth.16 
Moreover, the inorganic semiconductors prepared on large-area graphene can be 
transferred easily to or grown on elastic substrates to meet the flexibility demand.73In 
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this chapter, we suggest a method of fabricating ultrathin, high-resolution inorganic 
microdisplay based on individually addressable GaN microdisk LED arrays grown on 
graphene dots. Most of the GaN microdisks prepared by epitaxial lateral overgrowth 
on patterned graphene microdots were single-crystalline.37 Furthermore, the discrete 
and small microdisk LED arrays in the microdisplay also ensured that stress and strain 
were minimal under various bending conditions, thereby providing excellent 
flexibility. Here, we report on the fabrication and EL characteristics of ultrathin and 
individually addressable GaN microdisk LED arrays grown on graphene dots for 
microdisplay applications. 
5.2.1. Device structure 
GaN microdisks were prepared by epitaxial lateral overgrowth on patterned 
graphene microdots on SiO2/Si substrates using MOVPE. After preparing the GaN 
microdisk arrays, p-GaN and u-InxGa1−xN/GaN multiple quantum well, and n-GaN 
layers were heteroepitaxially grown on the surface of the GaN microdisks.37 Ultrathin 
layers composed of GaN microdisk LED arrays on graphene dot were prepared by 
coating a polyimide layer and lifting-off the entire layers from the substrate. Then, 
single-walled carbon nanorods (SWCNTs)/Ni/Au and SWCNTs/Ti/Au multiple 
electrode lines were formed on the top and bottom surface of GaN microdisk arrays 
in an aligned manner and crossing each other as shown in Figures 5.2(a) and (b). As 
shown in the SEM image in Figure 5.2(b), the bottom electrode lines were visible 
through the ultrathin PI films, and the top and bottom electrode lines crossed each 
other at each microdisk. The SWCNTs embedded metal electrodes were created by 
dispersing the SWCNTs on both sides of the ultrathin layers, depositing 
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microelectrodes, and patterning exposed SWCNTs by oxygen plasma ashing. 
SWCNTs were employed to make the electrodes to have better mechanical strength 
and reliability under stretching and bending of the device. 
 
Figure 5.2. Device structure of the individually addressable GaN microdisk LED 
arrays. (a) Schematics illustration of the device structure. (b) SEM image of the 
individually addressable GaN microdisk LED crossbar array and (c) top 
SWCNTs/Ni/Au and bottom SWCNTs/Ti/Au electrode lines on and underneath 
the GaN microdisk LEDs. (d) SEM image of the SWCNTs embedded Ti/Au 
electrodes. 
Higher magnification SEM images of the device structures are shown in Figures 
5.2(c). The tilted SEM image in Figure 5.2(c) shows the top SWCNTs/Ni/Au and 
bottom SWCNTs/Ti/Au electrode lines formed on the p-GaN surface and the 
 
102 
underlying n-GaN/graphene microdot of the GaN microdisks. Top and bottom 
electrode lines were precisely aligned with the center of GaN microdisks. As shown 
in the SEM images in Figure 5.2(d), which was taken before etching the SWCNTs, 
we can clearly see the SWCNT networks embedded underneath the metal electrodes. 
The SWCNTs played a critical role in improving the reliability of the electrode lines 
by bridging the nanoscale gaps or height different observed on the surface of the GaN 
microdisk arrays. 
5.3.2. Device characteristics of individually addressable GaN 
microdisk LEDs 
The 16 by 16 microdisk LED passive matrix array was tested to see whether each 
microdisk in the array is individually controllable, acting as a unit pixel of the 
microdisplay. Individual pixel, a microdisk LED, in the ultrathin microdisk array was 
measured by making 2-probe contact on the selected pair of top and bottom electrode 
lines and applying forward bias voltages to the LED. Bright blue light-emission from 
a single spot in the crossbar array was observed as shown in the magnified EL images 
in Figure 5.3. As shown in Figure 5.3(a), EL emission was only observed from the 
microdisk LED that was placed on the crossbar junction where the probed pair of top 
and bottom electrode lines crossed each other. Whenever the electrical voltage was 
applied to different pairs of top and bottom electrode lines, EL emission spot was 
observed from different position in the array. This clearly demonstrates that individual 
microdisk LED can be used as a pixel of the microdisplay. In the magnified EL images 
in Figure 5.3(b), some pixels showed additional EL emission spot near the intended 
position. This might be due to the merging between GaN crystals during the ELOG 
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growth process or the defects in the device structures. We believe that these observed 
flaws of the device can be eliminated by improving the uniformity in material and 
device structures. 
 
Figure 5.3. Magnified EL images of the individually addressable microdisk LED 
microarrays. (a) Lower and (b) higher magnification optical microscope EL 
image of the device under different probing positions 
The electrical and optical characteristics of the individually addressable GaN 
microdisk array on graphene dots were investigated by measuring their I–V curves 
and EL characteristics. Figure 5.4 shows the I–V curve and integrated EL intensities 
of a single GaN microdisk LED in the microdisplay array. Above the turn-on voltage, 





Figure 5.4. I–V curve and voltage dependent EL intensity of a single GaN 
microdisk LED within the array. 
We further investigated the light emission characteristics of the microdisk LED 
by measuring their EL spectra at various bias voltages. As shown in Figure 5.5, 
dominant EL peak was observed near 440 nm. By increasing the bias voltage from 6 
to 15 V, the dominant EL peak position changed from 459 to 439 nm. In addition to 
the dominant blue peak observed near 440 nm, long tail extended above 580 nm and 
small green EL peak was observed near 550 nm. The observed change in EL peak 
position and broad spectral EL emission observed from the microdisk LED may 
presumably result from non-uniform indium compositions and thicknesses of the 
MQW layers coated on the multifaceted GaN microdisks.37 

































Figure 5.5. Power dependent EL spectra of a single GaN microdisk LED within 
the array. 
The effect of bending on the microdisk LED array was further investigated by 
obtaining I–V and EL characteristics at various bending radii. Figure 5.6 shows 
photographs (see Figure 5.6(a)) and corresponding I–V curves (see Figure 5.6(b)) at 
bending radii of 10, 3, and 1 mm. The I–V curves obtained at different bending radii 
exhibited almost identical behavior regardless of the bending radii. This suggests that 
no serious mechanical stress, damage, or fracture occurred at the electrodes or the 
junctions between the GaN microdisks during the bending test. In addition to the I–V 
curves, EL spectrum of the microdisk LED was measured under different bending 
radii, as shown in Figure 5.6(c). Although the EL spectra measured at different 
bending radii showed similar shape, the overall EL intensity increased when the 
bending radius decreased. This observed change in EL intensity presumably 
originated from the change in tilt angle of the GaN microdisk LEDs during the 
ultrathin layer bending, since GaN microstructure LEDs typically have nonuniform 

























angular distribution of EL intensity. 
 
Figure 5.6. Flexibility of the device under various bending radius. 
The reliability of the microdisk LED display under continuous operation mode 
was also investigated. Figure 5.7 shows the current level and integrated EL intensity 
of the single pixel of the microdisk LED array recorded for 300 s under continuous 
operation mode. As we can see in this figure, there were no obvious degradation in 
current level or EL intensity in the device. We believe that this continuous mode 
operation was possible because the single microdisk LED, that had a size under 9  9 
μm2, would consume small power and generate small amount of heat. The SWCNT 
networks, which are known to have high thermal conductivity, would probably helped 




Figure 5.7. Current level and EL intensity of the device measured under 
continuous mode operation. 
  


































5.3. Morphology-controlled GaN nanoarchitecture LED arrays 
for full-color microdisplay applications 
5.2.1. Monolithic multicolor GaN micropyramid LED array 
Multiple color LEDs with tunable brightness, monolithically integrated on a 
single substrate, would enable the fabrication of high-resolution full-color light 
emitters with high brightness and low power consumption for next-generation mobile 
device displays.64, 71, 74-76 Although organic LEDs are already on the market as full 
color displays, inorganic LEDs generally show much higher light-emitting efficiency 
and long-term stability and reliability.72, 77, 78 Nevertheless, little attention has been 
paid to inorganic LEDs for display applications because it has been very difficult to 
fabricate inorganic LEDs that emit multiple colors on a single substrate. This problem 
results mainly from uniform thicknesses and homogeneous compositions of light-
emitting quantum well layers for conventional thin film LEDs. Recently, to overcome 
these problems and to fabricate multicolor inorganic LEDs on a single substrate, three-
dimensional multifaceted GaN nano- and micro-structures have been suggested.61-63 
For these structures, InxGa1−xN layers coated on each facet showed distinct 
photoluminescence (PL) and electroluminescence (EL) colors, due to the difference 
in InxGa1−xN layer thickness and chemical composition.
3, 61 Most of these works 
achieved these characteristics using the difference in diffusivity and bonding 
probability of In and Ga adatoms on polar, semipolar, and nonpolar GaN microfacets. 
This difference created InxGa1xN/GaN quantum wells with different In composition 
and InxGa1xN quantum well layer thickness on each type of microfacets. However, 
monolithic multicolor LEDs based on purely semipolar multifaceted nano- and micro-
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structures were not demonstrated so far. GaN LEDs grown on semipolar crystal plane 
have advantages over conventional LEDs grown on c-plane due to the reduced 
quantum-confined Stark effect (QCSE) which deteriorate the internal quantum 
efficiency and result in blue shift at a high current injection level.51 Here, we 
demonstrate multicolor emission using position and size-controlled semipolar 
micropyramid GaN LED arrays grown on a single substrate. The GaN nano- and 
micro-structures were composed of truncated pyramid structures with smaller 
nanopyramids on their top surface. The origin of the multicolor emissions of the 
micropyramid LEDs was also investigated using electroluminescence (EL) 




Figure 5.8. Schematics and FE-SEM images of the micropyramids. (a) 
Schematics of the cross-sectional structure of the micropyramid LEDs. FE-SEM 
images of the micropyramid LEDs with (b) 1.4 and (c) 2.4 µm diameters. Top-
vew FE-SEM image of the micropyramid LED arrays with different sizes 
ranging from 1.4 to 2.4 µm in diameters. 
SA-MOVPE was used to grow both position- and size-controlled semipolar n-
GaN micropyramid structures on c-Al2O3 substrates coated with a 5-im-thick n-GaN 
layer. For the selective growth of the GaN microstructures, a Si3N4 mask layer with 
various sizes of holes was prepared on the substrates by conventional e-beam 
lithography and then n-GaN microstructures were grown by SA-MOVPE. After the 
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preparation of the GaN microstructure arrays, Mg-doped p-GaN, u-InxGa1−xN, and Si-
doped n-GaN layers were heteroepitaxially grown on the entire surface of the n-GaN 
microstructures, as schematically illustrated in Figure 5.8(a). Samples were then 
rapidly annealed at 650°C for 5 min in a N2 atmosphere to activate Mg acceptors in 
the p-type layers. The surface morphology of semipolar InxGa1−xN/GaN 
microstructure LEDs with various sizes are shown using scanning electron 
microscopy (SEM) images in Figures 5.8(b−d). The diameters of the micropyramid 
LEDs ranged from 1.5 to 2.5 μm with 4 μm period, whose sizes were determined by 
the growth mask patterns. Comparing the final diameters of GaN microstructures with 
the original diameters of hole openings on the Si3N4 growth mask, we can know that 
the microstructure LEDs were laterally overgrown by 0.5 μm. 
We investigated the optical characteristics of each size of semipolar 
microstructure LEDs in a visible range. Figure 5.9(a) shows a magnified photograph 
of light emission from micropyramid LED arrays. We measured each sizes of 
microstructure LEDs separately with p-electrodes covering 20 × 50 µm2, which 
typically consist of sixty microstructure LEDs. As shown in Figure 5.9(a), under the 
same 7 V bias voltage, the micropyramid LEDs with a small diameter of 1.5 μm 
showed green emission, while the micropyramid LEDs with a bigger diameter of 2.2 
μm showed blue light emission. All other micropyramid LEDs, whose diameters 
ranging from 1.5 to 2.5 μm, showed gradual emission color change from green to blue 




Figure 5.9. EL images of the device. (a) Measured each sizes of micropyramid 
LEDs with 20 × 50 µm2 electrodes under 7 V bias voltage. EL spectra of the 
micropyramid LEDs with different diameters. (b) 1.5 μm (c) 1.9 μm (d) 2.4 μm, 
respectively. Each EL spectrum curve corresponds to each voltage from 4V to 
8V. 
The light emission of LEDs were further investigated by measuring their EL 
spectra at various bias voltages. Figure 5.9 shows EL spectra measured different bias 
voltages ranging from 4 to 8 V for three different sizes of micropyramid LEDs, each 
having diameters of 1.5, 1.9, and 2.4 µm, respectively. From theses EL spectra, we 
can see that micropyramid LEDs have two dominant EL peaks at 490 nm and 550 nm. 
The smaller micropyramid LEDs with 1.5 µm diameter in Figure 5.9(b) have a single 
550 nm dominant EL peak and a small 490 nm peak only as a shoulder. However, as 
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the diameter of the micropyramid LEDs increases to 1.9 µm, we can see a relatively 
broad 490 nm EL peak which became considerably large as shown in Figure 5.9(b). 
The micropyramid LEDs with 2.4 µm diameter in Figure 5.9(d) have even larger 490 
nm EL peak and their intensity became comparable to the 550 nm EL peak. To 
summarize, as the size of the micropyramid LEDs increased, the intensity of the 
broader 490 nm EL peak became relatively larger compared to narrower 550 nm EL 
peak. From these results, we can now see that the EL color difference between 
different sizes of micropyramid LEDs occurred because the relative brightness of 550 
nm green and 490 nm blue color was different for each size of GaN microstructures. 
One more thing to note here is that for each size of microstructure LEDs, the shape of 
the EL spectra did not changed with increasing power, which can be attributed to the 
reduced QCSE in semipolar facet GaN LEDs. This is different from other multifaceted 
LEDs that consist of c-plane where the shape and color of the EL spectra typically 
changed with increasing power. In short, each size of microstructure LEDs had a 
unique color with tunable brightness, which is a highly desirable characteristics of 




Figure 5.10. IV characteristic of the micropyramid LEDs with different sizes. 
(a) Linear and (b) log scale plot of the IV curves. 
In addition to the optical characteristics, we also measured the current–voltage 
(I–V) characteristic curves of the LEDs to investigate the electrical characteristics of 
the micropyramid LEDs. The IV characteristics of three different sizes of 
microstructure LEDs are shown in Figure 5.10. In the IV curves in Figure 5.10(a), 
all sizes of LEDs showed similar turn-on voltages around 2.5 V. However, bigger 
micropyramid LEDs showed lower slope which indicates higher resistance of the 
bigger micropyramid LEDs. Figure 5.10(b) shows the same IV curve of Figure 
5.10(a) in logarithmic scale. From this graph, we can see that under 8 V forward bias 
voltage, the current levels of all sizes of micro LEDs were within the same order, but 
at 5 V reverse bias voltage, the reverse bias leakage current levels were in clearly 
different orders. To compare the leakage current levels of different LEDs, we defined 
a quantity L5V as a ratio of current at +5 V to 5 V. We observed that the biggest 2.4 
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µm micropyramid LEDs had largest L5V value of 11,000, which means that their 
current at 5V was 11,000 times smaller than the current flowing at +5V. Other 
smaller pyramid LEDs with 1.5 µm and 1.9 µm diameter had L5V value of 860 and 
5,600, respectively. This means that the bigger micropyramid LEDs with thicker p-
GaN layer had lower reverse bias leakage current. In comparison, the conventional 
InxGa1−xN/GaN thin film LED on sapphire fabricated in the same manner showed L5V 
value of 3,200, which is lower value than our micropyramid LEDs. From this result, 
we demonstrated for the first time that the leakage current level of nanostructure LEDs 
can be comparable or even smaller than the conventional thin film LED. For the 
reverse bias leakage current characteristics, this result is advanced from the previous 





Figure 5.11. STEM-EDS analysis of the chemical composition of InxGa1−xN layers 
in two different sizes of micropyramid LEDs. (a) Sampling position indicated by 
the dotted line in top view SEM image of the GaN micropyramid LED structures 
with diameters of 1.5 and 2.5 μm. Cross-sectional BF TEM images of the GaN 
micropyramids with diameter of (b) 2.5 and (c) 1.5 μm, respectively. (d) EDX line 
profiles of the indium L characteristic along the dotted lines indicated in figures 
(b) and (c). 
To find the origin of the multiple color emission from different sizes of 
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micropyramid LEDs, we investigated the chemical composition and thickness of 
InxGa1xN quantum well layers coated on their nano- and micro-facets in Figure 5.11. 
For scanning transmission electron microscopy (STEM) characterization, cross-
section of two different sizes of micropyramid LEDs was prepared from the position 
marked with dotted line in Figure 5.11(a). Figures 5.11(b) and (c) shows the cross-
sectional STEM images of micropyramid LEDs having diameters of 1.5 and 2.5 μm, 
respectively. Bright layers observed in both the images correspond to InxGa1xN single 
quantum well (SQW). For larger size micropyramid LED, two types of InxGa1xN 
layer was observed; InxGa1xN layer on slanted sidewall and topmost saw-like layers 
(see Figure 5.11(b)). On the other hand, for smaller size micropyramid LED, only one 
type of InxGa1xN layer was observed; InxGa1xN layer on slanted sidewall (see Figure 
5.11(c)). Further compositional analysis was performed by energy-dispersive X-ray 
spectroscopy (EDX) to determine the indium content of the InxGa1xN layers formed 
on the topmost saw-like layer and slanted sidewall of two different sizes of 
micropyramid LEDs. This EDX analysis estimated that the In composition of the 
InxGa1xN layer on the slanted sidewall for two different sizes of pyramids was similar. 
However, much lower In composition with larger variation was observed from the 
InxGa1xN formed on the topmost saw-like layer. The large variation in In composition 
is the result coming from the difference in In and Ga adatom diffusion length and the 
geometrical effect of the randomly formed nanopyramids on the topmost layer. These 
In composition measured on the slanted sidewall and the topmost saw-like InxGa1xN 
layer can be related with the EL characteristics of the device. For all sizes of 
micropyramid LEDs, 550 nm EL peak was observed and we believe that this came 
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from the InxGa1xN layer coated on the slanted sidewall. However, as the size of the 
micropyramid LEDs increased, additional 490 nm EL peak with broader spectra was 
observed, which might be related with the InxGa1xN layer formed on the saw-like 
topmost surface that had large variation in In composition. 
In summary, we fabricated multicolor semipolar microstructure LEDs on a single 
substrate using different sizes of micropyramid LED arrays. We observed two 
dominant EL peaks at 490 and 550 nm, and, by controlling the size of the 
micropyramid LEDs, we were able to tune the emission color by controlling the 
relative intensity of these two EL peaks. Additionally, semipolar micropyramid LEDs 
did not showed any EL peak shift with increasing power, so the emission color were 
unique for each cell. We believe that the EL color did not changed with increasing 
power because the InxGa1xN layers were only coated on the semipolar facets, which 
are known to have reduced QCSE. These features, each size of LEDs having a unique 
color with tunable brightness, strongly suggest that these devices can be used as a 
pixel for fullcolor display applications. Finally, one important thing to note here is 
that these nanostructure LEDs showed even smaller reverse bias leakage current than 





5.2.2. Variable color GaN microdonut LED array 
In the previous section, size-controlled micropyramid LED arrays were 
investigated for monolithic, multicolor LED applications. In this section, the 
fabrication and characteristics of GaN microdonut LEDs with multiple facets and a 
variable-color LED application will be described. As shown in Figure 5.12, 
microdonut LEDs have additional inner sidewall facets which did not exist for other 
typical three-dimensional structures including nanopyramids2 and nanorods1, and that 
InxGa1−xN SQW formed on the inner sidewall facets had unique thickness and chemical 
composition, which generated additional EL color. Moreover, all microdonut LEDs in an 
array showed reliable and reproducible operation, strongly suggesting that the microdonut 
LEDs can be used as individual light emitters for display applications. The origin of the 
multicolor emissions of microdonut LEDs was also investigated using 
electroluminescence (EL) spectroscopy and scanning transmission electron 
microscopy (STEM). 
 
Figure 5.12. Multifacetted LED structures. Tilted SEM images of (a) microrods1, 
(b) micropyramids2, and (c) microdonut LED structures3. 
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The general surface morphology of microdonut LED structures having inner and 
outer multiple facets is evident in the SEM image of Figure 5.13(b). The diameter, 
width, and period of the microdonuts having inner and outer hexagonal facets were 4, 
2, and 8 μm, respectively. The top-view image in Figure 5.13(c) also shows that the 
crystal planes of the inner and outer sidewalls of the microdonuts were twisted by 30°, 
similar to the previous reports.80 Although the widths of the microdonuts were larger 
than those of the original hexagonal ring patterns because of lateral overgrowth, the 
width could be controlled by the growth time of the nitride thin film layers. 
Additionally, the diameter and period of the microdonut LEDs could be determined 




Figure 5.13. Fabrication of microdonut LEDs and electron microscope images. 
(a) Schematic of SA-MOVPE growth of n-GaN microdonut arrays with p-GaN/p-
AlxGa1−xN/u-GaN/u-InxGa1−xN layers on n-GaN/Al2O3 substrates. (b) Bird’s-eye 
view SEM image of the microdonut LED array. (c) Top-view SEM image of a 
single microdonut LED. (d) HR-TEM image of the single-crystalline GaN 
microdonut. (e) Diffraction patterns of the HR-TEM image obtained via FFT. 
The structural characteristics of the laterally overgrown n-GaN microdonuts were 
investigated using high-resolution transmission electron microscopy (HR-TEM). The 
HR-TEM image in Figure 5.13(d) clearly shows that the GaN microdonuts are single-
crystalline. The lattice spacing between adjacent planes is 0.26 nm, corresponding to 
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the d-spacing of GaN(0002) planes. The diffraction pattern in Figure 5.13(e) was 
obtained through fast Fourier transform (FFT) of the HR-TEM image in Figure 
5.13(d), which also indicates that the single-crystalline GaN microdonuts grew along 
the c-axis of wurtzite. 
 
Figure 5.14. Device structure and light emission of microdonut LEDs. (a) 
Microdonut LEDs fabricated by making ohmic contacts on both the outermost 
p-GaN surface and the underlying n-GaN layer. (b) SEM image showing a 
conformally deposited Ni/Au p-contact electrode on the microdonut LEDs. (c) EL 
image of the microdonut LED array. There is bright and uniform blue light 
emission from all of the microdonut LEDs inside the semi-transparent 200 × 200 
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μm2 metal pad. 
We fabricated microdonut LEDs by making ohmic metal contacts on the top 
surface of the p-GaN and the underlying n-GaN layer of the microdonut arrays. A 
cross-sectional diagram of the LED structure is shown in Figure 5.14(a). For p-contact 
electrodes, semi-transparent Ni/Au (10/10 nm) layers with a pad size of 200 × 200 
μm2 were deposited on the top surface of the p-GaN. The tilted SEM image in Figure 
5.14(b) clearly shows that the Ni/Au layers were conformally deposited on the entire 
surface of the microdonut LEDs. Then, to form n-contact electrodes, the underlying 
n-GaN layer was exposed to air by removing the Si3N4 masking layer with buffered 
oxide etch (BOE), and indium contacts were made on the n-GaN. Post-annealing of 
the LEDs at 400°C for 5 min in air reduced ohmic contact resistances and enhanced 
the device characteristics.  
Figure 5.14(c) shows a magnified photograph of light emission from a 
microdonut LED array that consisted of 20 × 30 microdonut LEDs. The LED array 
emitted visible blue light at an applied current of 4.7 mA at 4.0 V. The light emission 
was bright enough to be seen with the unaided eye under normal room illumination. 
Furthermore, all the LEDs exhibited donut-shaped light emission clearly and 
individually. The reliable and reproducible operation of the microdonut LED array 
strongly suggests that the microdonut LEDs can be used as individual light emitters 




Figure 5.15. Variable-color emission from microdonut LEDs. (a) Normalized EL 
spectra of microdonut LEDs with diameters of 3, 4, and 5 μm. The dotted lines 
indicate the respective blue EL peak positions for each size of the microdonut 
LEDs. (b) SEM images of microdonut LEDs with diameters of 3, 4, and 5 μm. 
a.u., arbitrary units. (c) EL spectra of microdonut LEDs taken at various voltage 
levels from 2.5 to 4.0 V. Two dominant peaks centered near 460 nm (blue) and 
560 nm (green) are observed. (d) I–V characteristic curve of the LED (black solid 
line) and a plot of the output power of light (blue open circles) as a function of 
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the applied bias voltage. (e) Magnified EL images from a single microdonut LED 
taken at various levels of applied voltage. 
The EL spectra of the microdonut LEDs with different diameters were measured 
in order to see if their EL colors can be tuned by changing the geometric parameter of 
microdonut LED arrays. Figures 5.15(a) and (b) show EL spectra and corresponding 
SEM images of microdonut LEDs with diameters of 3, 4, and 5 μm. The EL spectra 
given here are displayed by dividing EL intensities measured at an applied voltage of 
4.0 V with the electrical input power. Each EL spectra show a dominant emission peak 
around 460 nm and a relatively weak emission peak around 550 nm, corresponding to 
blue and green emission, respectively. However, the ratio of green to blue EL peak 
intensities increased with decreasing diameter of microdonut LEDs. In addition, the 
dominant blue emission peak was gradually shifted from 450 nm to 470 nm by 
changing the diameter of the microdonut from 5 to 3um. This result strongly suggests 
that the relative EL intensities and wavelengths can be tuned by the geometrical factor 
of microdonut LEDs.  
We further investigated the light emission characteristics of the LEDs by 
measuring their EL spectra at various bias voltages. Figure 5.15(c) shows the voltage 
dependent EL spectra of a microdonut LED array with a diameter of 5 μm. Under an 
applied bias voltage of 2.5 V, the dominant EL emission was at 560 nm, corresponding 
to the color green. Increasing the bias voltage to 2.6 V caused another EL peak to 
appear, centered at 460 nm, which dominated above 3 V. As confirmed by the EL 
image (not shown here), EL color from the LEDs also changed from green to blue as 
the bias voltage increased from 2.5 to 4.0 V, consistent with the EL spectral results. 
We also measured the I–V characteristic curves of the microdonut LEDs with a 
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diameter of 5 μm to investigate the electrical characteristics. Figure 5.15(d) shows 
that the I–V characteristic curve had typical rectifying behavior with a turn-on voltage 
of 2.5 V and a leakage current of 1.2 × 10–5 A at –4.5 V. Above the turn-on voltage, 
the current began to increase rapidly with the bias voltage, resulting in increased light 
emission intensity. The forward current level was as high as 7.0 mA at 4.5 V. The low 
leakage current and high forward current levels for microdonut LEDs are comparable 
to or even better than those of previously reported nanostructure rod or pyramid LED 
arrays.26, 81 
We could estimate the output power of the light emission from the microdonut 
LEDs by measuring the light intensities at applied electrical powers. The output power, 
which is displayed at the right axis in Figure 5.15(d), show 110 μW at an applied 
current of 4.7 mA and a voltage of 4.0 V, corresponding to a wall plug efficiency 
(W/W) of 0.6%. The efficiency of microdonut LEDs is comparable to or several times 
higher than those of micropyramid and microrod LEDs.82, 83 Although the internal 
quantum efficiency of the GaN microdonut structures is comparable to or even higher 
than that of the thin film structures,84 the wall plug efficiency of the microstructure 
and nanostructure LEDs is much lower than those of commercialized thin film LEDs. 
We believe that the LED efficiency could be significantly increased by optimizing the 
materials growth and device fabrication process parameters. 
The origin of the green and blue color emissions from the microdonut LEDs was 
investigated using a spatially resolved, high-magnification EL imaging system. Figure 
5.15(e) shows EL images of the single microdonut LED at various bias voltage levels. 
At 2.7 V, green-colored light can be clearly seen on the hexagonal edges and blue-
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colored light starts appearing on the outer sidewalls. Upon increasing the applied 
voltage to 2.8 V, the blue color intensifies and the inner sidewalls also start emitting 
blue light. Finally, at 3.5 V, almost the entire area of the microdonut LED emits blue 
light. 
 
Figure 5.16. Microstructure of a microdonut LED. (a) Low-magnification cross-
sectional STEM image of a microdonut LED. The inset SEM image shows the 
sampled region. (b) Magnified STEM image showing the microstructure of the 
microdonut LED. The bright and dark layers correspond to InxGa1−xN and 
AlxGa1−xN layers, respectively. (c) EDX line profiles of the indium L 
characteristic along the topmost, inner, and outer sidewalls. (d) High-
magnification STEM images showing the InxGa1−xN SQW coated on the inner 




We investigated the spatial distribution of the thickness and composition of the 
InxGa1−xN layer coated on the GaN microdonut surfaces, which may be related to the 
inhomogeneous color light emission observed from the microdonut LEDs. Figure 
5.16(a) and b show cross-sectional STEM images of the GaN microdonut taken near 
the [121̅0] zone axis. Bright and dark layers observed in both the images correspond 
to InxGa1−xN and AlxGa1−xN, respectively. Figure 5.16(b) and (d) show that the 
thicknesses of the InxGa1−xN layer on the topmost, inner, and outer sidewall facets 
were about 40, 7, and 4 nm, respectively. In particular, the magnified STEM images 
in Figure 5.16(d) show the abrupt and clean interfaces between the GaN and InxGa1–
xN single quantum well (SQW) layer with no structural defects such as dislocations. 
Further compositional analysis was performed by energy-dispersive X-ray 
spectroscopy (EDX) to determine the indium content of the InxGa1−xN layers formed 
on the topmost plane and the inner and outer sidewall. The EDX analysis estimated 
the x values for InxGa1–xN SQW on the topmost, inner, and outer sidewall facets to be 
0.36 ± 0.03, 0.27 ± 0.01, and 0.22 ± 0.01, respectively. Additionally, Figure 5.16(c) 
shows that the EDX line profiles of the indium L characteristic had full width at half 
maximum (FWHM) values of 37, 6, and 3 nm for the topmost, inner, and outer 
sidewalls of the InxGa1−xN SQW layers, respectively. These FWHM values are 
consistent with the thicknesses of the InxGa1–xN layers measured from STEM images. 
Based on the x value and the thickness of each InxGa1−xN SQW, the calculated EL 
wavelengths were 560 ± 20, 490 ± 10, and 450 ± 10 nm for the topmost, inner, and 
outer sidewalls, respectively.85, 86 The calculated EL colors from each facet are marked 
by dots above the EL curves in Figure 5.15(a). From these results, we suggest that the 
EL peak at 460 nm is a combination of the inner and outer sidewall colors and the 
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peak at 560 nm comes from the topmost plane. 
In conclusion, we demonstrated the fabrication and reliable operation of 
GaN/InxGa1−xN SQW microdonut-shaped LED microarrays that emit various colors. 
Two dominant EL peaks at 460 and 560 nm were observed from different positions 
on the microdonut LEDs, which also depended on the applied voltage. As shown from 
spatially resolved EL measurements, different colors of light were emitted from the 
topmost, inner, and outer sidewalls of a single microdonut LED. In addition, the EL 
colors could be tuned by changing the diameters of the microdonut LEDs. We further 
confirmed from STEM-EDX measurements that the thicknesses and compositions of 
the InxGa1−xN layers on the topmost, inner, and outer sidewalls were quite different. 
We believe that the anisotropic formation of InxGa1–xN SQW layers on the different 
facets of GaN microdonuts plays a critical role in the variable-color emission of the 
microdonut LEDs. 
5.4. Summary 
Semiconductor microstructure arrays grown on graphene substrates were used to 
show their potential for microdisplay. GaN microdisk LED arrays grown on graphene 
dots were assembled in ultrathin and individually addressable crossbar array for 
flexible, high-resolution microdisplay. Furthermore, for full-color microdisplay, 
morphology-controlled GaN microdonut and micropyramid LEDs were used to 
demonstrate multicolor light-emitters. It was possible to tune the emission color of the 
multifacetted microstructured LED arrays by controlling the geometic parameters, 




Concluding remarks and outlooks 
6 
6.1. Summary 
The goal of this dissertation was to provide ideal integrated device concept based 
on semiconductor nanoarchitectures grown on 2D layered nanomaterials for future 
electronic and optoelectronic devices. Ultrathin, flexible, and high-density nanorod 
devices was demonstrated using 1D+2D hybrid dimensional nanomaterials. Using this 
system, we were able to examine the individual electrical characteristics of single 
nanorod within the arrays. Additionally, based on the optoelectronic and 
piezoelectronic characteristics of ZnO nanorods, high-spatial-resolution 
photodetector and pressure sensor arrays were demonstrated. Moreover, GaN/ZnO 
coaxial nanorod heterostructure arrays were used to demonstrate LED applications. 
In addition to 1D+2D hybrid dimensional nanomaterials, semiconductor 
microstructure arrays grown on graphene substrates were used to show their potential 
for microdisplay. GaN microdisk LED arrays grown on graphene dots were assembled 
in ultrathin and individually addressable crossbar array for flexible, high-resolution 
microdisplay. Furthermore, for full-color microdisplay, morphology-controlled GaN 
microdonut and micropyramid LEDs were used to demonstrate variable-color light-
emitters.  
6.2. Suggestions for future works 
This dissertation experimentally demonstrated device concept of individually 
addressable 1D nanomaterial device arrays on 2D layered nanomaterials. Using this 
device concept, it would be possible to fabricate ultrahigh density device with rich 
 
131 
functionalities since the diameter of the nanorod can be scaled down as small as a few 
nanometers and many functionalities can be integrated even in a single nanorod by 
making elaborate axial and coaxial heterostructures. Furthermore, other than graphene, 
there are varieties of available 2D nanomaterials such as hexagonal boron nitride, 
transition metal chalcogenides and many high-Tc materials, which are known to have 
very interesting unconventional physical properties. Only by making appropriate 
choices and combinations of 1D nanorod heterostructures and 2D nanomaterials, it 
would be possible to fabricate any kinds of high-density integrated electronic and 





Molecular beam epitaxy of  
semiconductor nanorods on graphene 
A.1. Introduction 
The use of inorganic semiconductors as an active material is desirable for flexible 
electronic and optoelectronic device applications,5, 53, 55 due to the many potential 
advantages over organic semiconductors in terms of lifetime and efficiency.71 
However, continuous, rigid inorganic semiconductor thin films have no tolerance for 
mechanical deformation. To address this issue, direct growth of semiconductor 
nanorods on graphene which has high mechanical strength and flexibility was 
demonstrated recently mainly using metal-organic chemical vapor deposition 
(MOCVD);15, 35, 55 e.g., flexible light-emitting diodes and solar cells using MOCVD-
grown GaN and InxGa1−xAs nanorods on graphene.11, 46, 87, 88 Nevertheless, molecular 
beam epitaxy (MBE) can provide accurate control over the growth parameters for 
high-quality nanorod heterostructures with very clean and sharp interfaces using 
various in situ monitoring techniques, such as reflection high electron energy 
diffraction (RHEED).89, 90 Realizing the advantage of MBE growth method, Zhuang 
et al. demonstrated In droplet-assisted growth of InAs nanorods on mechanically 
exfoliated graphite flakes using MBE.42 However, it is important to develop catalyst-
free MBE growth method of nanorods on graphene since this growth method is known 
to be the best method to produce ultrapure nanorods with homogeneous composition, 
which are essential building block for future nanorod based devices.91 Here, we 
demonstrate the growth of high-quality InAs/InxGa1−xAs coaxial nanorod 
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heterostructures on graphene layers using MBE, with a clean interface. Both 
transmission electron microscopy (TEM) and in situ RHEED were used to investigate 
the structural properties and growth mechanism of the nanorod heterostructures 
A.2. Catalyst-free molecular beam epitaxy (MBE) of III-As 
coaxial semiconductor nanorod heterostructures on graphene 
A.2.1. Growth method and general morphology of InAs/InxGa1−xAs 
nanorods on graphene 
In this study, we used a two-step MBE process: (i) high-temperature synthesis of 
ultrafine-core InAs nanorods, and (ii) subsequent low-temperature coating of 
InxGa1−xAs shell layers on the InAs core nanorods for fabrication of InAs/InxGa1−xAs 
coaxial nanorod heterostructures on graphene layers. This two-step MBE growth 
method was employed to produce InxGa1−xAs shell layers with precisely controlled 
chemical composition and thickness, which resulted in highly controlled nanorod 
heterostructures with clean interface compared to spontaneous phase separated 
MOCVD grown InAs core and InxGa1−xAs shell nanowires.41 Inside of a cryogenically 
cooled UHV growth chamber (RIBER 32P), InAs nanorods were grown at 530°C for 
1 h, by supplying high-purity indium (In) and uncracked arsenic (As4) molecular 
beams from Knudsen cells. The beam-equivalent pressures (BEPs) of In and As4 were 
6×10−8 and 7×10−5 Torr, respectively. For catalyst-free growth of InAs nanorods, we 
supplied As4 to the substrates for 10 min before supplying In to prevent In droplet 
formation on the graphene layers, which resulted in quite different nucleation and 
crystal growth behavior from vapor–liquid–solid (VLS) growth.36, 42 
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After the preparation of InAs nanorods, InAs/InxGa1−xAs coaxial nanorod 
heterostructures were subsequently synthesized by heteroepitaxial growth of an 
InxGa1−xAs thin layer on InAs core nanorods. Deposition of InxGa1−xAs coaxial shell 
layers was performed at 380°C for 1 h by the addition of a Ga molecular beam, 
resulting in an InxGa1−xAs layer coating over the entire InAs nanorod surface. For the 
growth of InxGa1−xAs coaxial shell layers, In, Ga, and As4 BEPs that we used were 
6×10−8, 1×10−8, and 2×10−6 Torr, respectively. Because the molecular beam fluxes 
were strongly one-directional, the vertically well-aligned nanorods were placed on 
rotating substrates to allow uniform exposure to all sides of the nanorods by the 
molecular beam fluxes; this resulted in homogeneous, uniform film formation, in 




Figure A.1. SEM tilted images of (a) InAs nanorods grown on CVD graphene 
layers and (b) InAs/InxGa1−xAs coaxial nanorod heterostructures grown on CVD 
graphene layers. 
The surface morphologies of InAs nanorods and InAs/InxGa1−xAs coaxial 
nanorod heterostructures grown on CVD graphene layers were investigated using 
scanning electron microscopy (SEM). The tilted SEM image in Figure A.1(a) shows 
that the high-density InAs nanorods were vertically well-aligned on the graphene 
layers. The mean diameter, height, and density of the InAs nanorods were 70 nm, 10 
μm, and 5108 cm−2, respectively. Meanwhile, Figure A.1(b) shows a tilted SEM 
image of InAs/InxGa1−xAs coaxial nanorod heterostructures on CVD graphene layers. 
After coaxial coating of the InxGa1−xAs shell layer, the mean diameter of nanorods 
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increased to 110 nm, indicating that the average thickness and growth rate of the 
InxGa1−xAs shell layer was 20 nm and 0.06 Å s−1, respectively. Non-tapered 
morphology was also observed, indicating that the thickness of the InxGa1−xAs shell 
layer was uniform over the entire surface. The surface morphology of the shell layer 
depended critically on the As4 BEP; while the uniform coating of the shell layer shown 
in Figure A.1(b) was achieved for an As4 BEP of 2×10−6 Torr, inverse-tapered shapes 
were observed for a higher As4 BEP of 5×10−6 Torr or above. 
The surface morphology of the InxGa1−xAs shell layer depended critically on the 
As4 beam equivalent pressure (BEP). When the InxGa1−xAs shell layer was coated 
under As4 BEP of 5×10−6 Torr or higher, inverse-tapered tips of the nanorods were 
observed, as shown in Figure A.2, i.e., the diameter near the upper part of 
InAs/InxGa1−xAs coaxial nanorod heterostructures was larger compared to other parts 
of the nanorods. 
 
Figure A.2. Surface morphology of InAs/InxGa1−xAs coaxial nanorod 
heterostructures with an InxGa1−xAs coaxial shell-layer coated under a high As4 
BEPs of 5×10−6 Torr. 
We also investigated the critical growth parameters that affected the dimension 
and density of InAs nanorods. The diameter of the nanorods generally increased with 
 
137 
In BEP and the height of the nanorods depended on both As4 BEP and growth 
temperatures. S. Hertenberger et al. explained that, either at high As/In ratio near the 
InAs nanorod tip or at high growth temperature, diffusion length of In adatom 
increases and the probability for incorporation at the InAs nanorod growth front is 
enhanced compared to that at the lateral sidewalls.92 Meanwhile, the density of the 
InAs nanorods depended on both molecular fluxes and growth temperature, since 
these factors strongly affect the surface migration lengths of adatoms.92, 93 
A.2.2. Effect of growth temperature 
The growth temperature also strongly affected the dimension and density of InAs 
nanorods grown on CVD graphene layers, as shown in Figure A.3. We varied the 
growth temperature from 330 to 580°C with 50°C intervals while fixing other growth 
parameters, including growth time, In BEP, and As4 BEP to 30 min, 6×10-8, and 3×10-
5 torr, respectively. From the tilted SEM images in Figure A.3(a), we can see longer 
InAs nanorods at higher temperature, while high density of shorter InAs nanorods can 
be observed at lower temperature. To compare the differences in detail, the dimension 
and density of InAs nanorods were plotted as a function of growth temperature in 
Figures A.3(b) and (c). We can see that the height of nanorods increased as the growth 
temperature increased from 380 to 530°C, but decreased at higher temperature of 
580°C. Additionally, we observed that the density of InAs nanorods monotonically 





Figure A.3. Effect of growth-temperature-dependent surface morphology of 
MBE-grown InAs nanorods on CVD graphene layers. Series of tilted SEM 
images of MBE-grown InAs nanorods grown at 330, 380, 430, 480, 530, and 
580°C on CVD graphene layers. The growth temperatures of each sample are 
indicated above each SEM image. The corresponding plot of (c) dimension of 
nanorods and (d) number density of nanorods and nanoislands on CVD 
graphene layers as a function of the growth temperature. 
 
A.2.3. Effect of beam equivalent fluxes 
The effect of In and As4 BEPs on the surface morphology of InAs nanorods grown 
on chemical vapor deposited (CVD) graphene layers is investigated in Figure A.4. To 
investigate the effect of In BEP only, In BEP was varied while other growth 
parameters were fixed; the growth temperature, time, and As4 BEP were set to 530°C, 
30 min, and 3×10−5 Torr, respectively. Series of tilted scanning electron microscopy 
(SEM) images in Figure A.4(a) show InAs nanorods grown on CVD graphene layers 
using In BEP of 1.2, 2.4, 12, and 24×10−8 Torr, and the corresponding plots of 
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dimension and density of InAs nanorods are shown in Figures A.4(b) and (c), 
respectively. We can see that the diameter of nanorods increased with In BEP but the 
height of nanorods was not considerably affected by In BEP. The number density of 
InAs nanorods significantly increased with In BEP until 1.2×10−7 Torr. However, for 
even higher In BEP of 2.4×10−7 Torr, InAs nanorods and nanoislands merged with 
each other and the number density rather decreased. 
Next, the effect of As4 BEP was investigated by varying As4 BEP and fixing other 
growth parameters; the growth temperature, time, and In BEP were set to 530°C, 30 
min, and 6×10−8 Torr, respectively. Series of tilted SEM images in Figure a.4(d) show 
InAs nanorods grown on CVD graphene layers using As4 BEP of 1.5, 2.2, 3.7, and 
4.5×10−5 Torr, and the corresponding plots of dimension and density of InAs nanorods 
are shown in Figures A.4(e) and (f), respectively. Above As4 BEP of 2.2×10−5 Torr, 
the height of nanorods increased proportionally with As4 BEP. However, below this 
value, for As4 BEP between 1×10−5 and 2.2×10−5 Torr, the height of InAs nanorods 
was similar. The diameter of nanorods generally decreased with increasing As4 BEP, 
suggesting that InAs nanorods with higher aspect ratio can be grown under higher As4 





Figure A.4. Effect of In and As4 BEPs on the surface morphology of InAs 
nanorods grown on CVD graphene layers. (a) Series of tilted SEM images of InAs 
nanorods grown on CVD graphene layers using an In BEP of 1.2, 2.4, 12, and 
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24×10−8 Torr, and the corresponding plots of (b) dimension of nanorods and (c) 
number density of the nanorods and nanoislands. (d) Series of tilted SEM images 
of InAs nanorods grown on CVD graphene layers at As4 BEP of 1.5, 2.2, 3.7, and 
4.5×10−5 Torr, and the corresponding plots of (e) dimension of nanorods and (f) 
number density of nanorods and nanoislands. The numbers above each SEM 
image indicate the In or As4 BEPs used to grow each sample. 
 
A.3. In-situ characterization using reflection high energy 
electron diffraction (RHEED) 
The entire growth procedure was monitored in situ via RHEED (electron beam 
energy: 22.2 keV; spot size: 0.2 mm). The length of the electron-beam irradiated area 
along the beam trajectory was 15 mm, indicating a 1° incident angle of the electron 
beam with respect to the substrate surface. Real-time video of the RHEED patterns 
was acquired using a commercial digital single-lens reflex camera; the time resolution 
of the video was 0.04 s. The lattice parameters of the InAs nanorods and CVD 
graphene layers were estimated by comparing the spacing between RHEED patterns 
with that of Si(111) substrates as a reference. RHEED images during the coaxial shell-
layer growth were acquired by temporarily stopping the growth by closing In and Ga 






Figure A.5. RHEED patterns during InAs/InxGa1−xAs coaxial nanorod 
heterostructure growth on CVD graphene layers. RHEED patterns of (a) CVD 
graphene layers transferred onto SiO2/Si substrates and (b) InAs nanorods 
grown on CVD graphene layers/SiO2/Si. (c) Integrated RHEED intensities of 
(0004) InAs Bragg spots (red circle in figure (b)) and (00) streak from CVD 
graphene layers (red box in figure (b)) as a function of time. The inset shows the 
evolution of RHEED intensities along the dotted lines (i) slice 1 and (ii) slice 2 in 
figure (b), plotted as a function of time. (d) RHEED patterns of InAs/InxGa1−xAs 
coaxial nanorod heterostructures on CVD graphene layers, after growing 20-nm-
thick InxGa1−xAs coaxial shell layers. (e) Integrated RHEED intensity of (0004) 
InAs Bragg spot during the coaxial coating of InxGa1−xAs shell layers. 
In this study, MBE-grown InAs nanorods on CVD graphene layers was 
monitored in situ in the initial growth stage using RHEED. Before the nanorod growth, 
as shown in Figure A.5(a), a streaky RHEED pattern was observed from CVD 
graphene layers transferred onto a SiO2/Si substrate. The streaky RHEED patterns of 
CVD graphene layers remained unchanged, regardless of the azimuthal rotation 
angles, strongly suggests that the hexagonal graphitic layers were aligned in the (001) 
direction and the in-plane orientations of each grain were random. When the nanorod 
growth was initiated (t = 0), the streaky RHEED pattern of CVD graphene layers 
(Figure A.5(a)) was changed to bright Bragg spots corresponding to InAs nanorods 
(Figure A.5(b)) within a few seconds of In shutter opening. The appearance of these 
spots indicated an abrupt change from 2D RHEED patterns to 3D Bragg diffraction 
patterns.92 
To further examine the abrupt change in RHEED patterns, the integrated RHEED 
intensities of the InAs Bragg spot (circle in Figure A.5(b)) and the streak from CVD 
graphene layers (rectangular box in Figure A.5(b)) were plotted as a function of time 
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in Figure A.5(c). An abrupt rise in the integrated RHEED intensity of the InAs (0004) 
Bragg spot was observed without delay (within 1 s), as shown in Figure A.5(c). The 
instantaneous, monotonic increase in the Bragg spot intensity, not observed typically 
for metal-catalyst-assisted VLS growth mode,90, 92 strongly suggests the direct 
formation of catalyst-free InAs nanorod crystal growth on CVD graphene layers. 
Additionally, the lattice parameters of the CVD graphene layers and InAs 
nanorods were estimated by comparing the spacing between the RHEED patterns, as 
indicated in Figures A.5(a) and (b). The d100 interplanar spacing of CVD graphene 
layers and wurtzite InAs nanorods were 2.1 and 3.7 Å, respectively, which agree with 
previously reported values.94, 95 To examine the change in the lattice parameters during 
the initial growth stage, the evolution of RHEED intensities along the dotted lines in 
Figure A.5(b) was plotted as a function of time in the combined images shown in the 
inset of Figure A.5(c). Inset (i) of Figure A.5(c) clearly shows the (101̅𝑙) Bragg 
spots of InAs that appeared abruptly with the initiation of growth (t = 0); the position 
of these spots did not change as growth progressed, implying that unstrained InAs 
nanorod crystals formed directly on CVD graphene layers, without a strain relaxation 
step. Inset (ii) of Figure A.5(c) shows that the position of the (10) streak from CVD 
graphene layers was aligned indistinguishably with that of (112̅𝑙) InAs Bragg spots, 
implying a possible in-plane, lattice-matching configuration of InAs crystals and 
graphene layers.36, 96 
For longer growth times approaching 1 h and InAs nanorod lengths reaching 10 
μm, sharp spots were clearly visible in the RHEED patterns (Figure A.5(b)) thanks to 
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the transmission mode of RHEED.97 For all azimuthal rotation angles, the RHEED 
patterns from the InAs nanorods were the same, indicating that the nanorods were 
vertically well-aligned along [0002]WZ and [111]ZB, but their in-plane orientations 
were random; these results were attributed to in-plane misorientations of grains in the 
CVD graphene layers.96, 98 
RHEED also enabled us to investigate the growth of InxGa1−xAs coaxial shell 
layers as well as InAs nanorods. For InxGa1−xAs coaxial-shell layer growth, although 
the RHEED intensity decreased with growth time as the nanorod thickness increased, 
no significant change in the RHEED pattern was observed, as shown in Figures A.5(d) 
and €. From the fact that the RHEED patterns maintained the same shape during 
coaxial shell-layer growth, we suggest that the InxGa1−xAs coaxial shell layer grew 
epitaxially on the InAs nanorods; this was later confirmed by cross-sectional TEM 
analysis. 
A.4. Ex-situ characterization using transmission electron 
microscopy (TEM) 
For detailed structural analysis, the cross-section of the InAs/InxGa1−xAs coaxial 
nanorod heterostructures was prepared by dual-beam focused ion beam milling (FIB) 
and analyzed using TEM. The chemical composition was analyzed by high-angle 
annular dark-field scanning TEM (STEM) equipped with energy dispersive X-ray 
spectroscopy (STEM-EDS) capabilities. Additionally, the InAs/InxGa1−xAs coaxial 
nanorod heterostructure crystallinity was investigated by bright-field (BF) and high-




Figure A.6. Microstructure of InAs/InxGa1−xAs coaxial nanorod heterostructures 
on CVD graphene layers. (a) Schematic diagram of the TEM sampling positions 
and the corresponding plan-view (b) BF-TEM, (c) HR-TEM, and (d) Fourier 
filtered images of InAs/InxGa1−xAs coaxial nanorod heterostructures. The inset 
diffraction patterns in figure (b) are obtained via FFT of the HR-TEM images in 
figure (c). The areas of oxide layer formed on the nanorod surface and Pt-
protection layer are marked in figure (d). Cross-sectional (e) HR-TEM and (f) 
Fourier-filtered images of the interface between InAs and CVD graphene layers. 
The inset diffraction patterns in figure (e) were obtained via FFT of the 
corresponding HR-TEM image. The locations of misfit dislocations estimated by 
Fourier filtered images are indicated by T. 
The structural characteristics of InAs/InxGa1−xAs coaxial nanorod 
heterostructures were investigated using TEM. As indicated in the schematic diagram, 
cross-sectional TEM samples were prepared using FIB. Figure A.6(b) shows a cross-
sectional BF image of InAs/InxGa1−xAs nanorods, exposing the (0001) surface. Since 
the interface between the InxGa1−xAs and InAs layers was indistinguishable in the BF 
image without performing chemical analysis, the interface between the InxGa1−xAs 
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shell layer and InAs nanorod core is indicated by dotted hexagonal lines in the figure 
by comparing STEM image and STEM-EDS mapping results, which will be later 
shown in Figure A.7. Both the InxGa1−xAs shell layer and the InAs core exhibited well-
developed {112̅0} facets, as opposed to {101̅0} facets, verified exclusively by the 
fast Fourier transform (FFT) pattern in the inset of Figure A.6(b). This single type of 
facets were identically observed for ten randomly selected nanorods. Previous TEM 
studies showed that both {101̅0} and {112̅0} side facets were present in the InAs 
nanorod system.99, 100 However, formations of the only {112̅0} facets for InxGa1−xAs 
shell layer and InAs core may be associated with a smaller surface energy for the 
{112̅0} side facet than that of the {101̅0} side facet in the InAs nanorod.91, 101 The 
epitaxial relationship and atomic structure of InAs/InxGa1−xAs coaxial nanorod 
heterostructures were investigated using HR-TEM. Figure A.6(c) shows a HR-TEM 
image of the region marked with a rectangular box in Figure A.6(b). Significant edge 
dislocations were not observed at the interface between InAs and InxGa1−xAs layers. 
The interface in the coaxial nanorod heterostructures was further examined in more 
detail by the Fourier-filtered image shown in Figure A.6(d), obtained by selecting the 
(101̅0) FFT spots of both InAs and InxGa1−xAs. The areas of oxide layer formed on 
the nanorod surface and Pt-protection layer are also marked in Figure A.6(d). The 
Fourier-filtered image in Figure A.6(d) shows fringe patterns were well-aligned at the 
heterointerfaces with few misfit dislocations. The locations of misfit dislocations 
estimated by Fourier filtered images are indicated by T. These TEM results strongly 
suggest that the growth of InxGa1−xAs on InAs is coherently epitaxial, which results 
presumably from small lattice mismatch (< 1%) between the InAs and InxGa1−xAs 
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layers. Such an epitaxial relationship with a small lattice mismatch produced nearly 
overlapped FFT patterns in the inset of Figure A.6(b). 
We also investigated the atomic arrangement of InAs at the interface between 
InAs and graphene using cross-sectional HR-TEM images. Figure A.6(e) shows a 
clean interface between the InAs nanorod and graphene layers without any interfacial 
layer. HR-TEM images of the InAs nanorod crystal in Figure A.6(e) revealed a well-
aligned growth direction, parallel to the c-axis of CVD graphene, as indicated by FFT 
in the inset. Fourier filter analysis was also performed to investigate the 
microstructural characteristics of the InAs nanorod at the interface. Figure A.6(f) is a 
Fourier-filtered image of Figure A.6(e), obtained by selecting the (112̅0) FFT spots 
of InAs. This image reveals that the dislocations were not concentrated close to the 
interface; this outcome would be attributed to the heteroepitaxial relationship between 
the graphene layers and InAs. 
The crystal structure of InAs/InxGa1−xAs coaxial nanorod heterostructures was 
investigated by HR-TEM images near the zone axis of (101̅0)WZ || (21̅1̅)ZB that is 
perpendicular to the growth direction. To prepare this sample, InAs/InxGa1−xAs 
coaxial nanorod heterostructures with 5-nm-thick InxGa1−xAs layers were prepared, 
ultrasonically dispersed in ethanol anhydrous, and subsequently drop-casted and dried 
on TEM grids. The HR-TEM images in Figure A.8(a) and (b) clearly confirmed the 
existence of alternating zinc blende and wurtzite crystal phases both along the InAs 




Figure A.7. Chemical composition of InAs/InxGa1−xAs coaxial nanorod 
heterostructures grown on CVD graphene layers. (a) Plan-view STEM image, 
(b) elemental mapping of Ga, In, and As using STEM-EDS, and (c) EDS line 
profiles of In and Ga along the dotted line in figure (a). 
In addition to the structural analysis, the chemical composition of 
InAs/InxGa1−xAs coaxial nanorod heterostructures was investigated by STEM and 
EDS. As shown in Figure A.7(a), from the contrast change in cross-sectional STEM 
image of a (0001) surface of an InAs/InxGa1−xAs nanorod, which reflects difference 
in atomic mass of elements, hexagonal formation of InAs core was evidently observed 
in bright inner area, as well as the uniformly coated InxGa1−xAs shell layer in dark 
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outer area, indicating that heavier Ga atoms were incorporated at the shell layers. The 
STEM-EDS mapping of each element in Figure A.7(b) clearly shows the spatial 
distribution of In, Ga, and As. Ga existed only in the hexagonal ring-shaped outer-
shell region; In was detected over the entire nanorod while having a higher density in 
the inner hexagonal core; and As was detected uniformly over the entire nanorod 
structure.  
To quantify the chemical composition of each layer, we measured the STEM-
EDS line profile along the dotted line in Figure A.7(a), which is plotted graphically 
in Figure A.7(c). From this result, we confirmed the formation of the InAs/InxGa1−xAs 
coaxial nanorod heterostructure and chemical composition of the InxGa1−xAs shell 
layer. A larger amount of In atoms, four-fold over that of Ga, was detected; thus, the 
x value of InxGa1−xAs layer was 0.8 as estimated by STEM-EDS. 
 
Figure A.8. Vertical TEM images of InAs/InxGa1−xAs coaxial nanorod 
heterostructures grown on CVD graphene layers taken near the zone axis of 
(𝟏𝟎?̅?𝟎) WZ || (𝟐?̅??̅?) ZB. (a) HR-TEM image and the corresponding streaky 
diffraction pattern in the inset clearly show mixed zinc blende/wurtzite (ZB/WZ) 
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crystal phases and stacking faults in the nanorod heterostructures. Alternating 
WZ and ZB crystal phases are indexed in (b) a magnified HR-TEM image of a 
region marked with a rectangular box in figure (a). 
In conclusion, vertically well-aligned, high-quality InAs/InxGa1−xAs coaxial 
nanorod heterostructures were grown on CVD graphene layers using MBE. From in 
situ RHEED observation, we confirmed that the InAs nanorods grew on CVD 
graphene layers in a catalyst-free mode. The formation of InAs/InxGa1−xAs coaxial 
nanorod heterostructures was confirmed by STEM and EDS analysis, which showed 
a clearly defined InAs core and InxGa1−xAs shell layer with uniform composition and 
thickness. In addition, cross-sectional HR-TEM images demonstrated a clean 
interface between InxGa1−xAs and InAs. Our work would provide a novel and 
straightforward pathway for a monolithic integration of semiconductor coaxial 
nanorod heterostructures on two-dimensional layered materials, which is a key factor 





Monolithic integration of wide and narrow band gap 
semiconductor nanorods on graphene substrate 
 
B.1. Introduction 
Monolithic integration of wide and narrow band gap semiconductors can broaden 
the spectral absorption range and improve the performance of solar cells.102, 103 From 
the hybrid heterostructures, composed of wide and narrow band gap semiconductors, 
we can expect synergetic combination of the unique properties of each material. For 
these reasons, many studies have focused on direct growth methods of wide band gap 
semiconductors on narrow band gap semiconductors, despite of the large lattice 
mismatch that created defects and strain in crystals.104, 105 Recently, many reports 
showed that various kinds of single crystalline 1D nanomaterials including ZnO, GaN, 
InAs, and GaAs nanostructures can be grown vertically on 2D nanomaterials such as 
graphene or hexagonal boron nitride.15, 35, 36, 41 In these hybrid dimensional 
nanomaterials, the periodic hexagonal atomic arrangement of 2D layered 
nanomaterials can provide various sizes of supercells, accommodating various 
materials with different lattice constants to be grown heteroepitaxially and vertically 
on its surface.55 Remarkably, Hong et al. recently demonstrated that both sides of 
suspended single layer graphene can act as a van der Waals epitaxial substrate for 
semiconductor growth, and showed double heterostructures composed of 
InAs/graphene/InAs.96 In this work, we report the monolithic integration of InAs and 
ZnO nanorods by growing them vertically on each surface of the same graphene layers. 
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Additionally, we investigated the electrical characteristics of the InAs/graphene 
layers/ZnO nanorods hybrid heterostructures. 
B.2. ZnO nanorods/graphene layers/InAs nanorods 
heterostructures 
B.2.1. Growth and structural characteristics 
 
Figure B.1. The schematics of the fabrication processes of InAs 
nanorods/graphene layers/ZnO nanorods hybrid dimensional nanomaterials. (a) 
Transfer of PMMA coated CVD graphene layers on a hole patterned SiO2/Si3N4 
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membrane. (b) CVD graphene layers transferred on SiO2/Si3N4 membrane. (c) 
ZnO nanorods array growth on the backside by SA-MOVPE. (d) Catalyst-free 
MBE growth of InAs nanorods on the front side. (e) Cross-sectional schematic 
structures of the InAs nanorods/graphene layers/ZnO nanorods hybrid 
dimensional nanomaterials. 
The schematic structure and scanning electron microscope images of the 
monolithically integrated ZnO/graphene layers/InAs double heterostructures can be 
seen in Figure B.1. Vertically well aligned ZnO nanostructures were first grown on 
the backside of suspended, chemical vapor deposited (CVD) graphene layers 
transferred on hole patterned Si3N4 membrane by MOVPE system, as shown in Figure 
B.1(a). Prior to ZnO growth, to improve the growth selectivity of ZnO, 50-nm-thick 
SiO2 layer was coated on the backside of Si3N4 membrane by PECVD. After growing 
ZnO, we flipped the samples, so that graphene layers are facing upside, and loaded 
them in III-As MBE chamber. In this configuration, the surface of CVD graphene 
layers/ZnO heterostructures were exposed to In and As4 fluxes inside MBE. For the 
growth of InAs nanorods on graphene layers, As flux of 3  10−5 torr was supplied on 
the substrates at the temperature of 460°C. Growth of InAs nanorods was initiated by 
supplying In flux of 1  10−7 torr, and growth of InAs was carried out for 35 min. The 





Figure B.2. Morphology of the InAs nanorods/graphene layers/ZnO nanorods 
hybrid dimensional nanomaterials. Tilted FE-SEM images of (a) ZnO 
nanostructure array on the front side, (b) InAs nanorods on the backside, and 
(c) the cross-section. (d) Side view FE-SEM image of the InAs 
nanorods/graphene layers/ZnO/GaN microrods. 
The cross-sectional scanning electron microscope images of as-grown 
InAs/graphene layers/ZnO double heterostructure can be seen in the tilted SEM image 
in Figure B.2(c), and the tilted SEM image of the double heterostructure imaged from 
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the ZnO side and InAs side of graphene layers can be seen in Figures B.2(a) and (b). 
From these SEM images we can see that vertically well-aligned ZnO and InAs 
nanostructures were grown on each side of freestanding graphene layers suspended 
on the hole patterned Si3N4 membrane. The ZnO nanostructures were selectively 
grown only on graphene layers and they were not nucleated on SiO2/Si3N4 layers. We 
later confirmed that ZnO nanostructures were actually composed of nanowires and 
nanowalls which will be shown later in this paper by microstructural analysis. The 
InAs nanorods grown on the backside of the graphene layers/ZnO heterostructures 
had uniform density and they did not showed any difference in growth behavior over 
different regions. That is, during the growth, InAs did not seem to have interaction 
with the ZnO nanostructures nucleated on the opposite side. We suspect that the 
multilayer graphene (MLG) screened the interaction over its 5 nm thickness. 
Besides the ZnO/MLG/InAs double heterostructures, we were able to 
demonstrate double heterostructure composed of GaN/MLG/InAs, as shown in Figure 
B.2(d). For the fabrication of this structure, GaN microrods were grown on CVD 
graphene layers/SiO2/Si by MOVPE.46 The GaN/MLG layers were lifted-off from the 
original substrate by chemically etching the underlying SiO2 layers using buffered 
oxide etchant (BOE) and they were transferred in a suspended form on Si substrate 
with 300  300 μm2 square window openings. Due to the 1-μm-thick continuous GaN 
buffer layers, the GaN/MLG structure was successfully suspended without being 
broken on this square window. Loading this sample in a flipped manner, InAs 
nanorods were grown on the backside of the graphene layers/GaN heterostructures 
using the same MBE growth method described above. SEM image shown in Figure 
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B.2(d) shows that InAs nanorods and GaN microrods were vertically grown on each 
side of graphene layers in (111)InAs and (001)GaN directions. 
The microstructural characteristics of InAs/MLG/ZnO double heterostructure 
were investigated by cross-sectional transmission electron microscopy (TEM) in 
Figure B.3. Bright-field (BF) cross-sectional TEM image in Figure B.3(a) clearly 
shows vertically grown ZnO nanostructures on graphene layers and vertical InAs 
nanorods and nanoislands grown under the graphene layers. To analyze the interface 
between InAs nanorods/MLG/ZnO nanostructure, we took high-resolution (HR) TEM 
images near the red bracket marked region in Figure B.3(a). HR-TEM images in 
Figures B.3(b) clearly show that InAs nanorods and ZnO nanostructures were 
heteroepitaxially grown in single crystal on each side of MLG without any interfacial 
layers or gap. The lattice spacing between adjacent planes were 0.26, 0.34 and 0.35 
nm, corresponding to the d-spacing of ZnO(0002), graphene layers(0002) and 
InAs(111) planes.17, 18 The diffraction patterns (DP) in Figures B.2(c-d) were obtained 
with a selective aperture size of 150 nm from ZnO, ZnO/MLG/InAs interface, and 
InAs nanorod, respectively. Figure B.3(c) shows DP of ZnO taken at the zone axis 
near [21̅10] direction, where we observed that single crystal ZnO were grown along 
the c-axis of wurtzite. The streaky DP shown in Figure B.3(e) were taken from the 
InAs nanorod near the zone axis of [112̅0]WZ, [11̅0]ZB, which indicates that InAs 
nanorods were grown along the (111) direction. The streaky DP indicates the typical 
stacking faults observed in InAs nanorods. From the DP taken near the interface of 
ZnO/MLG/InAs shown in Figure B.3(d), we can see the overlapped DP of ZnO and 
InAs crystal. From these DPs, we were able to see the epitaxial relation of InAs(111) 






Figure B.3. Cross-sectional TEM analysis of the hybrid heterostructures. (a) Bright-
field and (b) high-resolution TEM images of the hybrid heterostructures around 
ZnO nanorods/MLG/InAs nanorod interface. Diffraction pattern with a selective 
aperture size of 150 nm around the (c) ZnO nanorods, (d) ZnO/MLG/InAs interface, 
and (e) InAs nanorod. Plan view TEM structural analysis of the double 
heterostructures. (f) High-resolution plan view TEM image where an InAs nuclei 
overlapped ZnO nuclei. (g) The corresponding fast-Fourier transform of (f). 
Furthermore, we measured plan view TEM of the InAs/MLG/ZnO double 
heterostructure to directly observe the in plane epitaxial relation between these 
crystals in Figure B.3. For plan view TEM observation, we prepared another double 
heterostructures with nanoscale ZnO and InAs nuclei. ZnO nuclei were grown only 
for 2 min and InAs nuclei were grown for 30 sec, so that the size of each nucleus were 
less than 50 nm. In here, the suspended graphene layers acted both as a growth 
substrate and as an electron beam transparent substrate.96, 106 Figure B.3(a) shows the 
plan view HR-TEM image of the double heterostructure near the point of intersection 
of InAs, MLG, and ZnO single crystals. A hexagonal lattice arrays of InAs, ZnO, and 
MLG can be clearly seen in this HR-TEM image. On the upper side of the HR-TEM 
image, three different crystals, InAs/MLG/ZnO, were overlapped and on the left and 
right side of the image, InAs/MLG and MLG/ZnO can be seen, respectively. On the 
lower side of the HR-TEM image, we can observe the periodic lattice structure of 
MLG. The corresponding fast-Fourier transform (FFT) image of the HR-TEM image 
in Figure B.3(a) can be seen in Figure B.3(b), from which it became clear that ZnO, 
graphene layers, and InAs were grown heteroepitaxially integrated. We again 
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confirmed the in plane epitaxial relationship of InAs (101̅0)  || MLG (101̅0)  || 
ZnO(101̅0) from this FFT image. 
To further confirm the monolithic integration of the double heterostructure, we 
performed compositional analysis by scanning TEM (STEM) equipped with energy-
dispersive X-ray spectroscopy (EDX) as shown in Figure B.4. The STEM-EDX 
mapping analysis showed the clear formation and spatial separation between InAs and 
ZnO, as shown in Figures B.4(a-f). Additionally, Figure B.4(j) shows the EDX line 
profiles, measured from the red line normal to the graphene layers in the STEM image 
of Figure B.4(a). The chemical composition of GaN/MLG/InAs double 
heterostructure was also investigated as well in the STEM and STEM-EDS mapping 
images in Figures B.4(g-i). We observed a clearly separated nitride and arsenic 
semiconductor layers on each sides of thin MLG. Because the MLG was thin and 
considerable amount of carbon contaminations were formed on the sample during 
TEM sampling, it was difficult to characterize the graphene layers in the STEM-EDX 




Figure B.4. Chemical analysis of the double heterostructure. (a) Scanning TEM 
(STEM) image of ZnO/MLG/InAs double heterostructure and the corresponding 
STEM-EDS mapping images of (b) Zn, (c) O, (d) Si, (e) In, and (f) As. (g) STEM 
image of GaN/ZnO/MLG/InAs double heterostructure and the corresponding 
STEM-EDS mapping images of (h) N and (i) As. (j) STEM-EDS line profile of 




B.2.2. Dual wavelength photodetector device characteristics 
Optoelectronic characteristics of these new material system were investigated by 
fabricating photodetector device using ZnO nanorods/graphene layers/InAs nanorods 
hybrid heterostructures and measuring their device characteristics. The schematic 
illustration of the structure of photodetector is shown in Figure B.5. PI layers were 
filled on both surfaces of the graphene films and the surface of PI layers were etched 
by oxygen plasma to expose the tips of ZnO and InAs nanorods. Semitransparent Au 
electrodes as Schottky contact with thickness of 20 and 50 nm was deposited on ZnO 
and InAs nanorods, respectively. Ohmic contact was formed on CVD graphene layers 
using silver paste. The I−V characteristic curves between these three electrodes were 
measured as shown in Figure B.5(b). Schottky diode characteristics with clear 
rectifying behavior and turn-on voltage near 0.2 V was observed for I−V characteristic 
curve in Au-ZnO nanorods-MLG device. For the Au-InAs nanorods-MLG device, 
although the device showed asymmetric I−V curve, due to the small band gap of InAs, 
non-ideal diode characteristics with considerably high current level at reverse bias 
voltages were observed. When measuring the I−V characteristic curve between Au-
ZnO-MLG-InAs-Au, I−V curve displayed as if the above two I−V curves were 
connected in series; the overall resistance increased and Schottky diode characteristics 
were observed. 
The spectral response of the Schottky photodiodes were investigated as shown in 
Figures B.5(c) and (d). Figure B.5(c) shows the spectral response of Au-InAs-MLG 
device measured by Fourier-transform infrared spectroscopy (FT-IR) at 77 K. The 
device generated photocurrent above 0.5 eV and their peak responsivity was observed 
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near 0.6 eV. Figure B.5(d) shows the typical spectral response of Au-ZnO nanorods-
MLG Schottky photodiode measured at room temperature. For the Au-ZnO-MLG 
Schottky photodiode, responsivity of the device rapidly increased above 3.0 eV, 
indicating clear spectral sensitivity to UV light. The measurement setup was not 
established yet to characterize the Au-ZnO-MLG device from the double 
heterostructure, so the typical spectral response from another ZnO nanorod arrays on 
CVD graphene layers/SiO2/Si was presented in Figure B.5(d). The measurement setup 
would be improved and the spectral response of Au-ZnO nanorods-MLG will be 
measured directly from the double heterostructure. These results indicates that, using 
these double heterostructure composed of wide and narrow band gap semiconductor 
nanostructures, photocurrents can be generated at two distinct spectral ranges. This 




Figure B.5. Dual-wavelength photodetector device. (a) Schematics of the device 
structure (b) I−V characteristics. (c) Spectral photoresponse of InAs nanorod-
graphene layers measured at 77 K in FT-IR. (d) Typical spectral response 
measured from another ZnO nanorods-graphene layers/SiO2/Si (not from the 
double heterostructure) at room temperature. 
 
B.3. Summary 
In conclusion, we demonstrated the monolithic, epitaxial growth of single 
crystalline wide and narrow band gap semiconductors on and under graphene layers. 
We used catalyst-free direct growth method to integrate these materials on graphene 
layers, so there were neither interfacial layers nor gap observed in the interfacial layer. 
Cross-sectional and plan view TEM analysis showed the successful and 
heteroepitaxial integration of ZnO/MLG/InAs double heterostructure using the 
suspended graphene layers as a epitaxial substrate opened on both sides. The 
compositional analysis further confirmed the well-formed double heterostructures 
composed of ZnO/MLG/InAs as well as GaN/MLG/InAs. We showed that by using 
double-sided graphene layers as an epitaxial substrate for various types of 
semiconductors, it is possible to monolithically and epitaxially integrate high quality 
wide and narrow band gap semiconductors. Using this growth method described 
above, we can have more combination of semiconductors with different band gap 
energies, which can be used for advanced electronic and optoelectronic device 
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Abstract in Korean 
1차원 반도체 나노막대는 매우 작은 크기를 가지고 있으면서도 높은 전
자 이동도를 가지고 있으며, 도핑 및 이종구조 제어를 통해 자유자재로 밴
드갭 엔지니어링이 가능하여 미래의 전자소자와 광전자소자의 핵심 구성요
소로 각광을 받고 있다. 한편 그래핀과 같은 2차원 나노소재는 뛰어난 전기
와 열 전도도를 지니고 있으며, 원자층 단위의 매우 얇은 두께를 가지면서
도 높은 물리적 강도와 유연성을 지니고 있어 소자에 유연성, 전사가능성과 
같은 새로운 특성을 부여할 수 있다. 본 연구에서는 1차원과 2차원 나노소
재를 결합한 복합차원 나노소재를 이용하여 매우 얇고 유연하며 높은 집적
도를 가지는 개별 어드레싱이 가능한 나노막대 소자 어레이를 제조하였고 
소자의 특성을 분석하였다. 
매우 얇고 유연하며 높은 집적도를 가지는 개별 어드레싱이 가능한 나노
막대 소자 어레이는 그래핀층 위에 성장한 산화아연 (ZnO) 나노막대 어레이
를 이용하며 제조하였다. 개별 어드레싱이 가능한 나노막대 소자를 이용하
여 각각의 단일 ZnO 나노막대 소자의 특성을 측정할 수 있었으며, 더 나아
가 ZnO 나노막대가 지닌 고유한 광전자 특성과 압전효과를 이용하여 고해상
도의 나노광검출기와 나노압전센서를 시연할 수 있었다. 또한 질화갈륨
(GaN)/ZnO 나노막대 이종구조를 그래핀 위에 제조하고 발광다이오드(LED)를 
만들어 유연성 마이크로 디스플레이 소자로서의 가능성도 확인하였다. 이와 
같은 GaN/ZnO 나노막대 이종구조 LED의 효율을 획기적으로 증가시키는 방안
으로 금속 코어를 함유한 질화갈륨 마이크로튜브를 제조하여 향상된 LED 특
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성 또한 확인할 수 있었다. 
또한 그래핀 위에 성장한 반도체 마이크로소재를 기반으로 마이크로 디
스플레이 소자를 제조하여 그 가능성을 확인해보았다. 본 연구에서는 패턴
된 그래핀 위에 성장한 GaN 마이크로 디스크 LED 어레이를 이용하여 매우 
얇으며 개별 어드레싱이 가능한 마이크로 디스크 LED 디스플레이를 제조하
였다. 이에 더불어 총천연색의 마이크로 디스플레이를 위해 크기와 모양이 
정교하게 조절된 마이크로 피라미드와 도넛 형태의 LED를 제조하였다. 이와 
같은 마이크로 LED는 인가전압이나 LED 구조에 변화를 주는 방법으로 발광
색상을 조절할 수 있다는 것을 확인하였다. 
본 연구에서는 넓은 밴드갭(band gap)을 가지는 ZnO와 GaN와 같은 반도
체 이외에도 좁은 밴드갭을 가지는 비화인듐(InAs)과 같은 1차원 반도체 나
노막대 또한 그래핀 위에 제조할 수 있다는 것을 소재 성장 연구를 통해 보
였다. 높은 밀도의 InAs 나노막대를 그래핀 위에 성장 할 수 있음을 비촉매 
분자빔에피탁시(MBE)를 이용하여 시연하였고, 나노막대 이종구조 또한 제조
하였다. 투과전자현미경(TEM)을 이용하여 그래핀 위에 성장된 나노막대의 
결정구조 등을 분석할 수 있었으며, 고에너지반사전자회절장치(RHEED)를 통
해 실시간으로 성장 과정을 관찰하여 성장 원리를 분석할 수 있었다. 
마지막으로, 격자 상수의 차이가 많이 나는 넓은 밴드갭과 좁은 밴드갭
을 가지는 ZnO와 InAs 나노막대를 그래핀의 각각의 면에 성장하는 새로운 
방법으로 수직 방향으로 서로 다른 특성을 가지는 나노막대들을 결합할 수 
있다는 것을 시연하였다. 이와 같은 신소재의 구조를 TEM을 통해 분석하였
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Semiconductor Device Processing 
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Growth 
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